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Aims and scope 
To describe the risks of flying paragliders and the effects of three environmental stressors 
(hypoxia, cold and acceleration) on the performance of pilots and their equipment, as a 
basis from which to identify targets for risk mitigation. 
 
Outline of studies 
(1) Review of the literature pertaining to canopy sports 
(2) Analysis of retrospective data from 1,000 paragliding incidents 
(3) Survey of 1,788 pilots regarding flying activity 
(4) Quantification of cardiorespiratory demands of paragliding in 211 hours of live flight 
(5) Measurement of cognition in ten pilots in simulated flight under environmental stress 
(6) Characterisation of reserve parachute deployment by 55 pilots under linear acceleration 
(7) Characterisation of reserve parachute deployment by 88 pilots under radial acceleration 
 
Results and conclusions 
Paragliding had fatality rates of 1.4 (1.1-1.9) deaths and 20.1 (18.4-26.7) serious injuries 
per 100,000 flights, making it approximately twice as risky as general (non-commercial) 
aviation in the U.K. It required low levels of physical effort (1.5 (0.5) METS), but pilots 
were vulnerable to control and decision errors. When these errors led to accidents, pilots 
often failed to throw their reserve parachutes and the lower limbs and thoraco-lumbar 
junction of the spine were most at risk of injury. Hypoxia and cold did not appear to cause 
gross cognitive impairment, during simulated flight to 3,600 meters for two hours. When 
pilots attempted to throw their reserve parachutes, under linear or radial acceleration and 
conditions of cognitive load, there were common behaviours and some were maladaptive. 
 
Impact 
The studies detailed in this thesis were the largest and most rigorous conducted in 
paragliding to date. They established methodology for future work, including a paragliding 
flight environment simulator, while permitting the first direct comparisons between 
paragliding and other branches of aviation based on common denominators and a shared 
taxonomy of error. The results were widely disseminated in the flying community via 
articles, podcasts and videos, as well as in three peer reviewed publications. They led to 
the creation of a trauma management course, a trauma kit, changes in the pilot licensing 
examination and improvements in the international standard for harness design. 
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kit (Appendix IV), and a chapter Managing Emergencies (Wilkes M) in Paragliding: The 





Chapter 1. Introduction 
1.1. Statement of the problem 
Paragliding is a risky sport. In a decade spent as an active paraglider pilot and guide, the 
joys of unpowered flight have been marred by crashes, lost friends and lives destroyed by 
the consequences of accidents. 
 
Forty years ago, mountaineers conceived paragliders as a descent tool, but today’s pilots 
can fly hundreds of miles, for hours at a time. Paragliding has become aviation through 
improvements in performance, not safety. 
 
As a small but growing discipline, effective allocation of safety resources in paragliding is 
arguably even more important than in more ‘resource-rich’ and established branches of 
aviation. This requires an understanding of both the accidents themselves, and the context 
in which they occurred. 
 
A mantra amongst pilots, borne out by accident investigations (2), has been ‘paragliders 
don’t crash, pilots crash’. In other words, it has been pilot error, rather than equipment 
failure that has led to accidents. However, paragliding, like other forms of aviation, is a 
complex activity: an interaction of aptitude and training, physiology and cognition, with 
equipment, the environment and the social milieu. The pilot and their equipment together 
form a system, and errors seldom occur in isolation (3). 
 
When beginning the PhD, paragliding incidents were hard to contextualise. Existing 
literature was composed almost entirely of retrospective analyses of morbidity and 
mortality and was sparse in comparison even to other canopy sports (Chapter 2). However, 
paragliding differed from other canopy sports (and other forms of aviation) in terms of 
flight profile, pilot position, equipment design and environmental exposure, as well as in 
organisation and regulation. The Human Factors Analysis and Classification System 
(HFACS, Figure 1.1) is one approach that has been used to classify human error 
contextually. The framework has been applied in incident investigations in military and 
civil aviation to subcategorise error, and so to direct efforts and resources to those areas 
most in need of improvement. However, it had not been applied to paragliding, as before 
the work of this PhD, there was insufficient information available to do so. Indeed, every 
tier of the HFACS pointed to gaps in knowledge that might be addressed in paragliding.  
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While all tiers of the taxonomy might have had a bearing on paragliding incidents, the 
decision was made to focus on the third tier, ‘preconditions for unsafe acts’. The first two 
tiers of the taxonomy, relating to organisation and supervision, were felt less relevant, 
given the discipline’s largely amateur nature. The fourth tier (‘unsafe acts’) would always 
be, by definition, too late for intervention. Tier 3 of HFACS encompassed the pilot, their 





Figure 1.1. The Human Factors Analysis and Classification System (HFACS). (4) 
 
 
As an open-cockpit form of flight, paraglider pilots are fully exposed to the stressors of 
their environment. Therefore, contextualising incidents requires an understanding of not 
just the risks of paragliding, but also a clear understanding of the effects of the flight 
environment on both pilot and equipment. In a 2012 review, Petrassi et al. (5) commented 
on the potential for hypoxic impairment at moderate altitudes. Subsequent work by Legg 
(6-8) and Pilmanis (9) suggested that paraglider pilots might suffer cognitive decrements 
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secondary to hypoxia, but also that these might be subtle, variable and have uncertain 
effects on performance (Chapter 7). Cold could be both alerting and distracting (10, 11) 
(Chapter 7) and acceleration forces might be influential during emergency manoeuvres 
(12) (Chapters 8 and 9). Summarising the risks of paragliding, characterising its flight 
environment and the impacts of its stressors, was the focus of the work conducted in the 
present project. 
 
If the effects of the paragliding flight environment on the pilot proved to be a concern, then 
steps could be taken in mitigation. For example, introducing oxygen supplementation, or 
improving protective equipment, training or regulation. If, on the other hand, it was a 
lesser concern, then the sport’s resources could be directed to other domains, secure in the 
knowledge that opportunities for prevention were not being missed. 
 
1.2. Outline of the thesis 
The stressors of the flight environment, particularly cold, hypoxia and acceleration, 
pervade all aspects of paragliding. So, no single study could ever offer a comprehensive 
account. Indeed, as HFACS illustrates, they could be approached on physical, cognitive, 
social or organisational levels. Experiments could focus on different flight phases (for 
example, take-off or landing), variable weather conditions, or situations as diverse as 
beginner instruction, elite competition or life-threatening emergencies. In planning each 
study in the present project, it was necessary to pick from these different dimensions to 
construct the most meaningful and productive investigations to advance the project. 
 
Chapter 2 describes the equipment and practice of paragliding, introducing some of the 
concepts and terms referenced later in the thesis. A comprehensive review of the literature 
relating to paragliding and other canopy sports follows. 
  
Chapter 3 outlines general materials and methods. In Chapter 4, retrospective data 
regarding incidents in the UK paragliding community are analysed and an attempt made to 
calculate the risks of paragliding, by surveying a large cohort of practicing pilots. 
 
The remaining chapters detail the four experiments included in this thesis. The first 
experiment (Chapter 5) consisted of five small, linked studies, that sought to characterise 
the cardiorespiratory demands of paragliding in live flight, at different altitudes and during 
emergency descent techniques. The second experiment focussed on the cognitive effects of 
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the environment. First, a novel paragliding simulator was developed (described in Chapter 
6). Then, in the study that followed, a group of paraglider pilots undertook simulated 
flights in cold, hypoxia and headwind to approximately 3,600 m. They completed tests of 
cognitive function, with the results compared to a matched group of controls (Chapter 7). 
 
The final two experiments narrowed in scope to focus on reserve parachute deployment, 
and a single stressor, acceleration. This allowed for larger sample sizes, stronger 
conclusions and potentially more meaningful recommendations in the short term. 
 
The first of these two latter studies characterised the process of reserve parachute 
deployment under linear acceleration (Gx, Chapter 8), with 55 pilots being observed 
deploying their reserve parachutes from a zipline, under conditions of cognitive stress. The 
second study built on this work, but focused on radial acceleration (Gz, Chapter 9), with 88 
pilots deploying their reserve parachutes from a centrifuge. 
 
The findings from the project are summed up in the Discussion (Chapter 10). The 
experiments are critically appraised, considering potential mechanisms of impairment, the 
effects of variability (intra- and inter-individual) and the limitations of the experimental 
approach. Finally, the conclusions and recommendations arising from the thesis are 
presented. 
 
Paragliding is an extreme sport, beloved by a dedicated community of amateurs and a 
small cadre of professionals, often in very demanding environments. Significant logistical 
hurdles were overcome in safely gathering the data presented in this thesis. Field 
experiments were constantly at the mercy of the weather and many of the techniques, such 
as portable metabolic analysis, had never previously been attempted in free flight. There 
was always a tension between the ecological validity of live flight and the controlled 
environment of the laboratory. Locations ranged from a sea-level simulator in Portsmouth 
to 7,458 meters in the Karakorum mountains of Pakistan. By necessity, the research 
required a flexible and creative approach, drawing together practitioners, literature and 
techniques from a number of different disciplines, including physiology, psychology, 
aviation medicine, engineering and ergonomics, all to study this elegant and evolving form 
of free flight.  
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Chapter 2. Background and Review of the Literature 
2.1. Paragliding equipment and techniques 
2.1.1. Development 
“If a man is provided with a length of gummed linen cloth with a length 
of 12 yards on each side and 12 yards high, he can jump from any great 
height whatsoever without injury.” Leonardo da Vinciii 
 
The evolution of modern paragliding, and all related canopy sports, began with the 
parachute. While the renaissance sketches of Leonardo da Vinciiii and Faust Vrančić may 
have been a source of inspiration, the first recorded parachute jump was made in 1783 by 
Louis Sebastien Lenormand from the Observatory Tower of Montpellier University, under 
a wooden frame covered with stretched linen (13). Fifteen years later, André-Jacques 
Garnerin jumped from a hot air balloon over the Parc Monceau in Paris under a frameless 
silk parachute (14). Development continued during the 19th century and through both 
world wars, in parallel with the pioneering gliders of Octave Chanute, Otto Lilienthal and 
John Joseph Montgomery, and arriving at the soft-packed, ripcord activated, vented 
conical descending parachute of the 1950s. 
 
In 1957, Domina Jalbert invented the ram-air aerofoil or ‘Parafoil’: a canopy open at the 
leading edge and closed at the trailing edge, inflated by the wind (15). Then, during the 
Space Race of the following two decades, NASA engineers Francis Rogallo (with his wife 
Gertrude), and David Barish both worked semi-independently on designs to slow space 
capsules following re-entry, creating the ‘Parawing’ and the ‘Sailwing’ respectively (16, 
17). Barish tested his Sailwing by flying down ski slopes, inventing the sport of ‘slope 
soaring’. The work of the parachute and glider designers then coalesced in Pierre 
Lemoigne’s Paracommander (18), a vented parachute with enough forward glide to grant 
directional control and soften landings. Finally in 1978, Mieussy climbers Jean-Claude 
Betemps, Andre Bohn, Gerard Bosson, inspired by Dan Poynter’s ‘The Parachute Manual’ 
 
ii Codex Atlanticus, f. 1058v. 
iii Da Vinci’s design was successfully tested by Olivier Vietti-Teppa in April 2008, in a 
jump from a helicopter hovering at 650 m. (Simpson, A. Leonardo da Vinci parachute 
from 1485 finally has successful landing. The Telegraph 2008 Apr 28.) 
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(19) perfected the inflation of parachutes by running down steep slopes, allowing them to 
glide to the valley below and giving birth to modern paragliding (20). 
 
2.1.2. Modern Paragliding Equipment 
The developments in paragliding equipment over the forty years that followed have been 
profound, with huge progress in glider performance, control, durability, mass reduction 




Figure 2.1. Parts of a paraglider wing (Photo: MW, diagram: BHPA with permission). 
 
The paragliding canopy (‘wing’) has upper and lower surfaces of medium or lightweight 
ripstop fabric coated with polyurethane, open at the leading edge and closed at the trailing 
edge (Figure 2.1). The two surfaces are stitched together to form cells, with further fabric 
sheets to direct airflow within the wing, and semi-rigid polyester struts to shape the leading 
edge.  
 
The lines that connect the wing to the harness are made from sheathed or unsheathed 
synthetic aromatic polyamide fibres (‘Aramid’, ‘Spectra’). The lines are arranged in 
 
iv ‘Passive safety’ encompasses all safety features that do not require input from the pilot. 
For example, wings trimmed to avoid excessive rotation following an asymmetric collapse. 
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cascades along the span of the wing: the front row of lines to the leading edge are known 
as the ‘A’ lines, with ‘B’ and ‘C’ behind and ‘control’ lines to the trailing edge. Each 
cascade of lines terminates in a length of solid webbing, the ‘risers’, which attach via a 
karabiner to a suspension point on either side of the harness (Figure 2.2).  
 
Wing performance and behaviour 
Wings can be classified according to their ‘performance’ (speedv and glide ratiovi) and their 
‘behaviour’ in turbulent air. Performance and behaviour typically have an inverse 
relationship: the faster and better gliding wings usually prove more demanding in terms of 
behaviour (21). A demanding wing is one that requires a greater number of correct inputs 
from the pilot to keep it level overhead in turbulent air or to restore it to normal flight 
following a deflation, spin or stall (22). 
 
Both performance and behaviour are dependent on wing design and wing loading:vii wings 
designed with a higher aspect ratioviii and fewer lines perform better but are more 
demanding (23, 24). If the loading on a wing is light its descent rate will be lower, but its 
forward speed and response to control inputs will be slower (25). Wing deflations and 
stalls will occur more frequently but less violently with lightly loaded wings. The opposite 
applies for a heavily loaded wing. Consequently, manufacturers tend to produce three to 
four different models of each wing to cater for a range of pilot weights. 
 
 
v ‘Speed’ can refer to true air speed (TAS), the speed of the aircraft relative to the 
surrounding airmass, indicated airspeed (IAS), air speed measured by a differential 
pressure (pitot-static) system and uncorrected for instrument error, air temperature or 
ground speed, the speed of the aircraft relative to the ground. TAS and ground speed are 
important for navigation, IAS for aerodynamics.  
vi Glide ratio: the ratio of distance travelled forwards per unit of descent, in still air. 
vii Wing loading: the combined mass of the pilot, wing, harness, reserve parachute and 
other equipment suspended beneath the wing. Often approximated as the pilot’s naked 
mass plus 15 kg. 
viiiAspect ratio: the ratio of wingspan to mean chord (the distance from the leading edge to 
the trailing edge of the wing). Beginner wings usually have a flat aspect ratio below 5, 
recreational wings 5-6 and the highest performing wings 6-8. 
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Following production, wings are certified according to their behaviour by independent 
testing housesix. The testing houses put the wings through a range of manoeuvres and 
classify them according to European Standard EN 926, from EN-A (least demanding) to 
EN-D (most demanding) (26). Wings designed specifically for competition and acrobatics 
fall outside this classification. Most recreational pilots fly wings at EN-B level, which fly 
at trim speeds of approximately 35 km·h-1 and can accelerate to approximately 45 km·h-1 
with application of the speed bar (see below). The work in this thesis is based around EN-
A to C wings, i.e. those used by recreational pilots (23, 27). 
 
Ultralight wings weigh 1-3 kg but are fragile with few additional features. Recreational 




Figure 2.2. Parts of a paraglider harness (BHPA, with permission). 
 
Harness designs vary between different paragliding disciplines, so pilots will choose one 
according to their priorities: comfort for long distance flights, protection and durability for 
learners, aerodynamics for competition and low mass for long hikes to take off. 
 
The pilots’ positions in their harnesses vary from sitting upright to semi-recumbent. 
Upright positions are more suitable for learners and acrobatics, as there is a lower chance 
 
ix E.g. Air Turquoise SA (Villneuve, Switzerland). 
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of the harness twisting below the wing due to yaw inertiax (28). Semi-recumbent 
positioning is more comfortable and aerodynamic (29). Some harnesses also include a 
carbon fibre or wooden seat board underneath the pilot to improve handling. 
 
Crash protection is designed into the harness. It can take the form of a 10-12cm mousse 
back protector, an airbag that inflates in flight, both or neither. Harnesses can include space 
for one or more reserve parachutes, either under the seat, to one side or in front of the pilot. 
Aerodynamics can be further modified with the addition of a neoprene cocoon covering the 
pilot’s lower body (a ‘pod harness’) and/or an inflatable faring at the back of the harness 
(29). A pod harness will also offer some protection to the legs and abdomen from 
convective cooling.  
 
At their lightest, harnesses consist only of webbing and weigh 100-200 g, whereas a 
typical recreational harness will weigh 4-6 kg and a fully specified competition harness 




Figure 2.3. The author descending over water under a reserve parachute (orange) with a 
neutralised main wing (green). (Photo: Malin Lobb, with permission). 
 
 
x Yaw inertia – the tendency of the harness to keep moving in a straight line while the wing 
has started to spin around, leading to twists in the lines. 
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If the wing departs normal flight close to the ground or becomes unrecoverable, then the 
pilot can deploy their reserve parachute (Figure 2.3). Unlike the rapid, automatic three-ring 
‘cutaway’ systems used by skydivers, paragliding reserve deployment is a manual 
processxi. The pilot pulls the reserve parachute out from its compartment and throws it 
away from the wing. The reserve parachute opens and then the pilot attempts to rapidly 
neutralise the (still attached) main wing, which can otherwise interfere with safe descent 
under the reserve parachute (28). Reserve parachutes have descent rates of 3.5-6 m·s-1, 
which can still be fast enough for an impact injury, so the pilot is advised to attempt a 
‘parachute landing fall’ (PLF) on touching down (22). 
 
Reserve parachutes are packed into a deployment bag and stored within a compartment 
‘container’ in the harness (Figure 2.4). When the reserve is thrown, the deployment bag 






xi A cutaway system does exist for paragliders (Acro Base System, Supair-VLD, Annecy, 





Figure 2.4. Paraglider reserve parachute system. (A.) Cut-away of a paragliding sit 
harness demonstrating the position of the reserve parachute and bridle. (B.) Detail of 
reserve parachute deployment bag (Basia Lesniewska, with permission). 
 
There are several competing designs: the simplest is the familiar conical silk parachute 
(known as a ‘pulled-down apex’ design), the most complex is a steerable triangular shaped 
‘Rogallo’ design. The reserve in Figure 2.3 is a ‘square-round’, an iteration of the conical 
silk parachute. The most appropriate design will depend on pilot experience and the 
circumstances of any likely deployment (28). The position of the parachute container, and 




To fly safely and legally in controlled airspace, the paraglider pilot needs to know their 
altitude and position (30). Altitude can be measured barometrically or using the Global 
Position System (GPS). Position can be estimated by sight, by using a paper map or GPS. 
GPS is helpful as it allows the pilot to track distance flown and estimate glide ratio, ground 
speed and wind strength. 
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A variometer, which gives an audio or visual indication of the rate of change in altitude, is 
also an essential tool, as it allows the pilot to seek the strongest climbs, while attempting to 
avoid areas of sinking air (22). 
 
Paragliding instruments typically combine a variometer, barometric and GPS altimeters, 
GPS positioning and airspace indicators into a single device weighing 200-300 g. They can 
be positioned on the pilot’s wrist or on their harness. While no instrument requires pilot 
intervention in flight, some have multiple screens that necessitate removal of the hand 
from the controls and manual scrolling through the information. 
 
Communications 
Paraglider pilots may fly with a VHF or UHF radio and/or a personal locator beacon 
though neither are mandatory (31). 
 
Helmet 
European paraglider pilots are expected to fly with an EN 966 standard open- or closed-
face helmet (22, 32) and similar rules apply to those belonging to other national 
associations. 
 
2.1.3. Flying paragliders 
Controls 
 
Figure 2.5. Axes of movement (BHPA, with permission). 
 
As the pilot sits in a harness 5-10 m below the wing, the system is effectively a large 
pendulum. Understanding the pendulum is the key to effective wing control (33). To 
control the paraglider, the pilot flies with their hands on the brake (‘control’) lines, and 
their feet on a ‘speed bar’. Pulling on both brake lines pitches the wing back, whereas 
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releasing them pitches it forwards (Figure 2.5). If both brake lines are pulled back beyond 
a certain point, airflow over the wing will be disrupted and it will stall (33). 
 
The speed bar is attached via pulleys to the A risers, which in turn attach to the leading 
edge of the wing. By straightening their legs and pushing on the speed bar, the pilot 
shortens the A risers, pulling the leading edge of the wing down and increasing angle of 
attack, forward speed and rate of descent, but in some circumstances making the wing 
more vulnerable to the effects of turbulent air (34). The speed bar can also be used to 
control pitch. 
 
Yaw and roll (Figure 2.5) are induced by deforming one side of the wing and by shifting 
body mass, respectively. Pulling on one break line will increase drag and turn the wing to 
that side. If pulled too far, the tip of the wing will stall and the paraglider will spin (28). 
Shifting body mass to one side of the harness, adding roll to hasten the turn and reduce the 
chance of a spin. An efficient turn on a paraglider therefore requires a balance of pitch 
control, timing of brake inputs and shifting of body mass (33). 
 
Launching 
To launch, the pilot lays the wing out on the ground facing into wind. In light winds, the 
pilot turns downhill, tensions the lines with their body mass and then runs downhill, 
pulling the wing up behind them to create airflow over the leading edge and inducing it to 
fly (35). In stronger winds, the pilot turns to face the wing and uses the wind to tension the 
lines and create airflow (a ‘reverse launch’) (36). Then, a small pull on the A risers will be 
sufficient to lift the wing into the air. Once the wing is flying, the pilot then turns, runs a 
few paces downhill and is launched into the air. 
 
Because a paragliding wing has a surface area of 20-30 m2, an uncontrolled or 
asymmetrical launch into anything above light winds will turn the wing into an effective 
(and very unwelcome) spinnaker, dragging the pilot across the take off and risking serious 
injury (37). 
 
In flatlands, paragliders can be launched using a pay-out winch (‘tow launching’). The 
winch cable is attached to a Y-bridle on the harness karabiners, and the pilot runs along the 
ground until the winch lifts them into the air. Specific release mechanisms, along with 
additional training and adherence to best practices are required for safe tow launching. 
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Gaining height and distance 
In still air, a wing will glide forwards at 8-10 m·s-1 and descend at a rate of 1-1.5 m·s-1 
until reaching the ground. To fly longer and further, the pilot needs to find a mass of air 
that is rising faster than the descent rate of the wing and begin to climb. There are two 
main sources of rising air: dynamic lift (‘soaring’) and convective lift (‘thermalling’, 
Figure 2.6). 
 
Dynamic lift is an airflow that is deflected upwards from a surface, such as the slope of a 
hill. If the airflow is moving quickly enough, then a wing will be able to soar in that band 
of lift. Having been deflected upwards, the airflow will then curl back and down on itself 
like an eddy in river. This creates mechanical turbulence downwind of the deflecting 
surface known as ‘rotor’. The sharper the deflection and the greater the wind speed, the 
stronger the rotor (38). 
 
Thermals occur when a mass of air is warmed to a temperature greater than its 
surroundings, causing it to become relatively buoyant (38). Typically, a thermal rolls along 
the ground until it reaches a ‘trigger point’ when it detaches and starts to rise, stopping 
only when its temperature once again equals the surrounding air (39). The strength of the 
thermal depends on the volume of moving air and the relative difference in temperatures 
between the thermal and its surroundings. A strong thermal will be ‘mushroom cloud’-
shaped, with vortices at the top fed by a central core of rising air (40). These vortices are 
another potential source of turbulence (38). 
 
To exploit a thermal, the paraglider pilot attempts to spot the thermal trigger pointxii, then 
flies into the rising air and centres in on the thermal core where the strongest lift is to be 
found. Once in the core, the pilot circles, matching their turn radius to the drift and angle 
 
xii Spotting thermals is an art, guided by the feel of the surrounding air, the movement of 
the wing and clues such as birds in the sky. The process starts by searching for areas likely 
to produce air warmer than the surroundings, such as ploughed fields, dry crops, metal 
buildings and tarmac roads. Then, the pilot searches for the trigger that will cause these 
warm parcels of air to rise. A popular method is to imagine the terrain covered in honey 
and tipped upside down: the sharp and spikey areas where the honey would drip from are 
more likely to be triggers. 
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of the thermal (which is shaped by the wind), and spiralling up to reach the top of the 
climb (41). 
 
To fly distances across country, the pilot needs to link these areas of dynamic and thermal 
lift, gliding efficiently from one to another, moving through the landscape to their goal. 




Figure 2.6. Thermalling and gliding: three-dimensional map of Laragne-Monteglin region 
(image from Google Earth), showing a GPS trace of a paraglider pilot in Study 1, gliding 
to a thermal, gaining altitude by circling in the rising air, and then gliding on across 
country. 
 
As of 19 December 2019, the furthest distance flown in a single flight was 588 km from 
Tacima in north-eastern Brazil by three paragliders flying together in formation over 11 
hours (42). 
 
Rights of way 
To avoid mid-air collisions, pilots are expected to obey certain conventions when flying 
near other aircraft. These include turning to the right when approaching another aircraft 
head on, passing to the right when overtaking, turning in the same direction when joining a 





To land, the paraglider flies a U-shaped approach, finally turning into wind to slow 
forward speed as they glide towards the ground. Just before touching down, they pull 
progressively on the brake lines, causing the wing to pitch back to stall (‘flare’), converting 
their forward speed to lift and settling the pilot gently on the ground (44). A mistimed 
flare, either too early or too late, may lead to injury. 
 
Incidents in flight and reserve deployment 
Being a pendulum system, a wing normally sits open and level over the pilot’s head. 
Timely control inputs from the pilot (‘active flying’) in rough air help keep it in normal 
flight. However, more severe turbulence or incorrect pilot inputs can cause the wing to 
leave normal flight (28). 
 
This departure from normal flight most commonly manifests itself as a ‘collapse’: airflow 
to part of the wing ceases and that section deflates. This can be ‘symmetrical’ when the 
leading edge on both sides folds over, or ‘asymmetrical’ if it is one side only. In an 
asymmetric collapse, the wing will yaw and dive to the affected side with a force 
proportional to the size of the collapse (28). It will often reflate by itself, but if collapses 
occur close to terrain then the sudden initial change of course could lead to a crash. Lines 
can also get trapped over the wing during deflation or reflation, causing a permanent 
collapse known as a ‘cravat’ (Figure 2.7). Unchecked, the cravat drags the wing into a 
rotating descent known as ‘autorotation’. More rarely, wings can stall (Figure 2.7), spin or 







Figure 2.7. Wing instability deliberately induced by an uncontrolled stall by the author 
during training. The leading edge of the wing has deflated as the airflow over it has stalled 
(red arrow), the tips of the wing have both collapsed and the lines have wrapped around 
the top of them in cravats preventing them from reinflating (red circles). The situation was 
recovered successfully, but with a loss of approximately 300 m of altitude. 
 
In most cases, if the pilot lets go of the control lines and speed bar during these incidents 
then the wing will resume normal flight eventually without further input (28). Cravats are 
exceptions, as they require active recovery action on behalf of the pilot. In all cases of 
instability, correctly timed, appropriate pilot inputs speed up the process of correction, 
whereas incorrect inputs can delay the wing’s recovery or worsen the situation (a 
‘cascade’). ‘Simulation d’incidents en vol’ (SIV) courses allow pilots to practice the 
correct inputs in these situations. SIV courses take place over water, allowing the pilot to 
more safely induce the wing to leave normal flight and then be guided through recovering 
the situation by an instructor via radio. If a timely recovery from instability is impossible, 
the pilot must throw their reserve parachute before impact with the ground. The morbidity 
and mortality data presented in the literature review later in this chapter, and in the incident 
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analyses (Chapter 4), illustrate both the frequency and consequences of failure to recover 
from instability or to throw the reserve parachute. These, in turn, offer justification for the 
studies that are presented in this PhD. 
 
Paragliding at extreme altitude 
Flying at extreme altitudes differs from lower altitudes. Beyond the increasingly hostile 
physical environment, the reduction in air density allows the paraglider to travel faster 
through the airmass, increasing speed over the ground. To generate airflow over the wing 
equivalent to lower altitudes on launch, the pilot needs to run faster and further to take off. 
Psychologically, there is a feeling of perceived safety as pilots climb higher, further from 
the terrain. However, as the wing is travelling faster, and the pilot may be impaired by the 
environmental conditions, the sense of security may be a false one. 
 
On 2 June 2003, pilot Mike Kung packed his paraglider in an open-necked bag and flew 
from sea level to 5,100 m in a helicopter (without oxygen) then jumped out, inflating the 
paraglider as he fell and gliding across the English Channel (45). The following year, on 
30 April 2004, Kung jumped in a similar manner from a hot air balloon at 10,100 m, but 
this time used oxygen (46). Launching paragliders from aircraft is unusual, as they are 
considered foot-launched aircraft. 
 
The first pilot to launch a paraglider by foot from an 8,000 m peak was Pierre Gevaux, 
who flew from Gasherbrum II on 11 July 1985 (47). Nepali pilot Sanu Babu Sunawar has 
climbed and then flown from the summits of Mount Elbrus (5,642 m), Kilimanjaro (5895 
m), and Everest (8,848 m) (47, 48). 
 
However, others have begun their flights at lower altitudes and then flown to the extremes. 
On 6 January 1993, British pilot Robbie Whittall set a record for the maximum gain of 
height in a single paraglider flight, 4,526 m, in Uganda (49). Nearly twenty years later, on 
19 August 2012, over fifty paraglider pilots took advantage of a high cloud base and 7 m.s-
1 climbs to fly up from 2,000 to 5,300 m and then to land on the summit of Mont Blanc for 
an impromptu party, and again in 2019 (see chapter 5, Postscript) (50). On each occasion, 
the additional effort required to relaunch their paragliders from the high summit took some 
pilots by surprise. 
 
In the Owens Valley of Eastern California, pilots regularly fly to 6,000 m, but it is in the 
Karakorum mountains of Pakistan that pilots truly reach the extremes. The record for the 
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highest altitude flight was set by French pilot Antoine Girard on 23 July 2016 in the Hushe 
Valley of the Karakorum (51). Girard soared through the clouds forming on the slopes of 
Broad Peak to reach an altitude of 8,157 m without oxygen. His flight is described in detail 
in Chapter 5. 
 
The feats of altitude achieved by paraglider pilots are intriguing and are explored in 
Chapter 5. Sadly, barometric pressure data are lacking for these records. It is unclear 
whether it is the nature of paragliding, the physiological response to the environment or the 
unique constitution and abilities of certain pilots that allows them to ascend to extreme 
altitudes (> 5,500 m) with seemingly minimal acclimatisation over a matter of hours. 
 
Emergency descent techniques 
While locating lift and gaining altitude is normally the goal, when flying underneath large 
powerful clouds, the lift can be so strong that the pilot risks being sucked up into the cloud. 
The most dramatic incident of this type occurred in February 2007 during a competition in 
Australia. Dubbed the ‘Miracle on Mount Borah’, German pilot Ewa Wisnierska flew 
under a developing storm cell and was lifted at rates of up to 20 m·s-1 to a GPS altitude of 
9,946 m (52). Unconscious, she slumped to one side causing her paraglider to fly in gentle 
circles above the cumulonimbus cloud for approximately 25 minutes. There are two 
theories as to what happened next: the first is that the wing and lines froze, keeping it 
flying until it reached strong sinking air; the second is that the wing entered a parachutalxiii 
stall causing it to descend (53, 54). About 40 minutes following descent, the wing reached 
an altitude of 6,900 m and Wisnierska regained consciousness (53). She was then able to 
pilot the wing to ground, landing 60 km from launch and surviving, though with severe 
bruising from the impacts of hailstones and frostbite on her ears and knees. A second pilot, 
He Zhongpin was killed by lightning in the same cloud. His body was found 75 km away 
(52). Ms. Wisnierska sadly declined to make her GPS track log available for analysis as 
part of this thesis, or to any safety authority. 
 
There are several techniques available to the pilot to descend in areas of strong lift. The 
first is simply to fly away from the lift to an area of sinking air. Alternatively, the pilot can 
deliberately collapse both wing tips by pulling on the outer ‘A’ lines, a technique known as 
 
xiii In a parachutal stall, the shape of the wing is deformed so it ceases to be an aerofoil and 
instead acts like a parachute, falling down vertically rather than flying forwards. 
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‘big ears’. Pushing on the speed bar at the same time stabilises the big ears and allows a 
descent rate of approximately 4-6 m·s-1 (55). Putting the glider into a parachutal stall (a ‘B 
line stall’) will achieve descent rates of 6-8 m·s-1 but will stress the wing, reduce control 
and can lead to riser twists when released (56). Descent rates of up to 20 m·s-1 can be 
achieved by pulling on one brake and rolling hard to one side, putting the paraglider into a 
steep ‘spiral dive’. This manoeuvre can be difficult to sustain due to drifting of the 
paraglider with the wind, along with the disorientation and G forces generated (57). 
 
2.2. Comparison to other aviation environments 
There are now many disciplines of human flight. These include pressurised (fixed wing) 
and unpressurised powered aviation (fixed wing and rotary), sailplane flying, hang gliding, 
tracking skydiving and wing suit flying, hot air ballooning, powered paragliding 
(‘paramotors’), unpowered paragliding, speed flying and speed riding. Though there is 
cross-over, the paragliding flight environment is distinct from these other activities in a 
number of dimensions. 
 
2.2.1. Launch 
Paragliders are launched from foot, requiring an input of energy, but can then achieve 
extremes of altitude with presumably limited, but currently unquantified, physiological 
demands. 
 
2.2.2. Environmental Exposure and Vulnerability to Conditions 
Once airborne, the paraglider pilot is completely exposed to their environment, in contrast 
to an enclosed aircraft, with a ‘semi-recumbent, shoulders and elbows flexed, wrists 
pronated’ body posture that presents them directly to the apparent wind. Unlike a skydiver 
free-falling in a single airmass above a drop zone, the paraglider can also expect to face 
different sets of conditions as they move across country. Paragliders are also more 
vulnerable to changing weather than powered aircraft, and fly closer to the terrain, further 
narrowing margins of safety. 
 
2.2.3. Timeline of altitude exposure 
The timeline of altitude exposure in paragliding is unique. Neither the slow ascent of 
mountaineers, nor the moderate ascent rates of general aviation, nor the terminal velocity 
of a skydive, nor the rapid decompression of a military aircraft directly mirror the rates of 
exposure found in paragliding. 
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2.2.4. Altitude profile 
Paraglider pilots make their way across country by climbing in lift then gliding down to 
meet the next climb. They therefore experience many more changes in altitude during a 
single flight than a powered aircraft that takes off, climbs once, cruises, then descends to 
land. This may put them at additional risk of decompression sickness (DCS), though this 
has never been formally documented (58). While intended altitudes in powered flight are 
predetermined, in paragliding the peak altitude reached is rarely known in advance, and is 
a product of conditions (in particular, ‘cloud base’, the altitude where thermals condense 
into clouds, and thermal strength) and pilots’ skills. 
 
2.2.5. Operational Culture 
Paragliding began as a descent technique, but through increases in performance has 
become a form of aviation. However, it has yet to adopt a mature ‘aviation culture’ of low 
risk-tolerance, incident reporting and learning feeding back into training. Basic paragliding 
training is short (7-14 days), relatively inexpensive and does not require much from the 
prospective pilots. Once they can take off and land with a measure of control, they are then 
left to navigate the steepest part of the learning curve, the first few hundred hours of solo 
flying, largely by themselves. While there are clubs and courses that exist to help them 
along the way, none are mandatory or assessed. Unlike powered aviation or skydiving, 
there are no minimum currency requirements to stay licensed (with the exception of 
tandem flying) and few checks to stop pilots flying with equipment or in conditions above 
their skill level, beyond the company they keep. Paraglider pilots do not file flight plans, so 
there are no comprehensive records of the number of flights undertaken or hours flown. 
Though it varies a little between countries, licensing is typically devolved from national 
aviation authorities to paragliding associations. Membership of these associations confers 
benefits to the pilot, particularly third-party accident insurance. However, despite almost 
all pilots being licensed members of associations, it is voluntary. There is nothing to stop 
anyone buying second-hand paragliding equipment online, walking to the nearest hill and 
(providing they do not violate airspace) taking off. If they survive this first flight, and some 
do, they could even set up an independent flight school the following day. This illustrates 
the extent of the organisational challenge facing those trying to improve safety in the sport. 
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2.3. Paragliding, canopy sports and free flight in the literature 
2.3.1. Rationale and aims 
Though paragliding may differ from other forms of free flight in the dimensions described 
above, literature from the other disciplines may still be relevant to its study. The object of 
the literature search was therefore to identify all articles pertaining to paragliding and its 




MEDLINE, EMBASE, Google Scholar, SportDiscus, OpenGrey and Web of Science were 
searched first on 11 March 2017 and last on 17 April 2020. The complete list of search 
terms specific to each source is detailed in Appendix II, but included paraglid*, parapent*, 
hang glid*, parachute*, skydiv*, base jump*, wingsuit*, speed rid*, speed fly*, sailplan*, 
airsport*. Reference lists from relevant sources were also hand-searched. Individual 
incident reports from national accident databases were not included, as they are discussed 
in detail in Chapter 4. 
 
2.3.3. Results 
The 17 April 2020 search yielded a total of 2,534 results of which 910 were considered 
potentially relevant. Removal of duplicates left 539 articles (including full text papers, 
abstracts, conference proceedings), seven dissertations, two magazine articles, one 
technical report, one book and one book chapter, dating from 1946 to 2020. Only 59 (10.7 
%) of the works were about paragliding, with the majority relating to parachuting or 
skydiving (396, 71.9 %). The most commonly reported topics, summarised in table 2.1 
were the morbidity and mortality of the respective disciplines (335, 60.8 %), followed by 











Table 2.1 Results of the 17 April 2020 literature search, broken down by discipline and 
subject area (N = 551). 
 
Subject area Discipline 












1 30 - - - - - 
Morbidity / 
mortality 
49 217 33 10 1 1 24 
Physiology / 
performance 
3 78 3 -  - - 2 
Psychology / 
sociology 




3 17 2 - - - - 
Total 59 396 39 16 3 1 37 
 
 
Morbidity and Mortality 
The majority of articles, which included case reports, retrospective reviews and 
prospective cohort studies, explored the morbidity and mortality associated with particular 
canopy sports. Parachuting, both sporting and military, was best represented. In 1987, 
Ellitsgaard (59) reviewed 110,000 sport parachute jumps, noting six fatalities (0.005 %) 
and 155 cases (0.14 %, 140 per 100,000 jumps) requiring medical treatment, 63.1 % of 
which were fractures, primarily of the lower limb. Landing was the most hazardous phase. 
Twenty years later, the Swedish Parachute Association (SFF) reported on 539,885 sport 
jumps over a four-year period (60). The Swedish Registry had been well maintained, with 
efforts made to independently corroborate reports using hospital data and to evaluate its 
reporting characteristics (61). The incidence of fatal injuries was 0.74 per 100,000 jumps 
(62) and non-fatal injuries was 48 per 100,000 jumps, excluding tandem jumps, military 
parachuting and aeroplane crashes. Students were most vulnerable, with an incident rate 
six times higher than licensed jumpers. Intriguingly, the authors reported that of the two 
different methods for teaching students, one (the accelerated freefall method) had half the 
injury rate of the other (static line). Women were over-represented amongst the injured 
(relative risk 1.4-2.7). Sixteen percent of incidents were equipment related, with the 
remainder relating to human error. (It could be argued that some of the equipment-related 
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incidents, such as hard openings and inappropriately small reserve canopies, were as much 
misuse of equipment as primary equipment failure.) As in Ellitsgaard (59), landing was the 
most dangerous phase, with misjudgements of wind, height and distance as the primary 
causes of accidents. Again, the lower limbs were the most vulnerable (51 % of injuries). 
 
The key findings of both these papers (the prevalence of human error and the frequency of 
lower limb injuries) have been echoed by a number of other large parachuting studies (63-
66). To investigate accident causation, Hart et al. (65) categorised 125 sport parachuting 
fatalities in the United States between 2000-2004 and compared the results to a previous 
analysis from 1993-1999. The most frequent causes were control errors, mid-air collisions, 
loss of altitude awareness, poor choice of equipment and medical incapacitation. Rates of 
these causes remained fairly constant throughout the study period, and between the two 
analyses. The only significant change was a decline in fatalities due to incorrect emergency 
procedures, in keeping with an increase in procedural training between the first and second 
analysis. 
 
Paragliding was the second most studied discipline. Though paragliding had advanced 
considerably in terms of technology and performance, reports of its morbidity and 
mortality remained consistent through the decades. The first formal study was by Reymond 
et al. (67) in 1988, an analysis of 100 cases from Switzerland. All accidents were attributed 
to human error, none to equipment failure. The most severe injuries were on take-off, the 
most frequent on landing. The lower limbs were most vulnerable to injury. The authors 
called for ‘a better training programme’ for pilots. Ten years later, Fasching et al. (68) also 
highlighted pilot rather than equipment error, stating ‘an improved training program is 
necessary to lower the incidence of paragliding accidents’ based on 70 accidents requiring 
helicopter rescue. Schulze et al. (69) analysed 409 accidents from 1997-1999 and 
highlighted control errors, in particular failure of pilots to recover asymmetric collapses 
(32.5 % of incidents, leading to high G forces), over-steering (13.9 %) and collision with 
an obstacle (12 %), along with misjudgements of distance during landing (13.7 %), 
weather (4.9 %) and incomplete pre-flight checks (4.9 %) as causative factors. Equipment 
problems led to only 0.5 % of the incidents reported. Schulze also noted that emergency 
parachutes ‘may save lives and prevent injuries when used in time [as] 26 out of 39 pilots 
[who deployed] remained uninjured or did not require treatment’. While the distinctions 
made in the literature between human and equipment error are striking, in reality and as 
Schulze describes, the human is part of a system which includes their equipment. 
Mitigation of error requires an understanding of the interactions between human and 
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equipment to improve both training and design, an approach illustrated by the work in 
chapters 8 and 9. 
 
In 2012, Rekand (70) conducted a retrospective review of the epidemiology of paragliding 
injury patterns. She found limb trauma, followed by spinal fractures, to be the most 
common non-fatal injuries sustained by paraglider pilots. Her conclusions were echoed by 
several other authors (71-74). Non-fatal spinal fractures were clustered around the level of 
the thoracolumbar junction, in particular T12-L2 and tended to be stable, compression-type 
fractures (73, 75-78). Critical or fatal injuries tended to involve polytrauma to the head, 
thorax (particularly the lung, and the aorta), liver and pelvis (73-75, 79). Vastmans et al. 
(80), in a retrospective study of 154 paragliding incidents from 2010-2017, found that 
accidents during take-off and landing (53, 34.4 %) were more likely to lead to extremity 
injury, whereas accidents in the flight phase (101, 65.6 %) were more likely to impact the 
trunk and spine. Finally, Ströhle et al. (81) investigated 1,834 paragliding crashes between 
2006-2015 in the Austrian mountains. Again, pilot error and misjudgement of conditions 
were key precipitants. Serious injuries were most frequently to the lower limbs, pelvis, and 
thoraco-lumbar spine. 
 
The only two environmental injuries reported were cases of frostbite (82, 83), after pilots 
had been involuntarily lifted above 5,500 m in cumulonimbus clouds, and the only 
reported case of medical incapacitation (84) was due to anaphylactic shock secondary to a 
bee sting in flight. This paucity of cases likely reflects under-reporting, an issue discussed 
in greater detail in chapter 4. 
 
BASE jumping and wingsuit proximity flying are different modes of flight, both to one 
another and to paragliding. However, like paragliding, they had experienced considerable 
advances in equipment and practice. Fatality numbers continued to increase each year, 
with wingsuit flying making up a progressively greater proportion of deaths (85, 86). In a 
study of 1,790 BASE jumpers presenting to emergency departments in the United States, 
the main sites of injury were the extremities and spine (87). Interestingly, the majority (89 
%) of those in the study data set did not require hospital admission and there were no in-
hospital deaths in the cohort, despite 24 deaths being reported by other sources during the 
study period. It implied that BASE jumping accidents were quite ‘binary’ in nature, a 
proportion led to fatal injuries that did not present to emergency departments, but injuries 
were less severe for the majority of those that did. In common with other canopy sports, 
human error has been the primary cause of BASE jumping and wingsuit fatalities. Bouchat 
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et al. (88) reviewed 223 fatalities between 2007 and 2017. Errors included skill-based 
errors, such as misjudgement of deployment altitude and glide path (63.6 %) and poor exit 
technique (15.2 %), off-heading openingsxiv relating to poor body position and decision 
errors, including jumping from inappropriate objects and in strong winds. The findings 
were very similar to those of an earlier review by Westman et al. (89) of 106 BASE 
jumping fatalities between 1981-2006. 
 
Psychological and sociological traits 
As ‘extreme’ sports (in the minds of the public, if not always the participants (90)), the 
psychological and sociological traits of free fliers have been a focus of study. Early work, 
such as that by Hymbaugh and Garrett (91) concentrated on sensation seeking or 
participants’ responses to risk, fear and stress (92-96). When practitioners were considered 
as a homogenous group, defined only by their participation in a particular canopy sport, 
experience was the main predictor of behaviour (97). As the field progressed, it was 
recognised that there were subgroups of practitioners with differing attitudes to risk, who 
consequently exhibited a variety of behaviours. Castanier et al. (98) investigated risk-
taking, behaviour and accidents in 302 participants in ‘high-risk’ sports (including 51 
skydivers and 29 paraglider pilots). They identified two distinct groups of personality 
types, evenly distributed across the disciplines, defined on the dimensions of neuroticism, 
extraversion, and conscientiousness. Of the eight personality types considered in the 
research, the ‘skeptics’ [sic], ‘brooders’, and ‘entrepreneurs’, with high levels of 
conscientiousness in common, reported lower risk-taking behaviours. The ‘skeptic’ type 
(low neuroticism, low extroversion, high conscientiousness) reported the fewest accidents. 
‘Impulsive’, ‘hedonistic’, and ‘insecure’ persons reported greater risk-taking behaviours. 
The ‘impulsive’ group, those with high neuroticism, high extroversion and low 
conscientiousness, reported the most accidents.  
 
Their work, along with that of other authors (99-102), helped address why some 
practitioners appeared to have long and successful careers in free flight, whereas others did 
not. Taking a psychobiological approach, Monasterio et al. (103) measured cortisol 
 
xiv ‘Off-heading openings’ are those when the parachute opens asymmetrically, such that 
the jumper is turned away from their intended heading. They are hazardous when the 
jumper is in close proximity to terrain, as the opening can turn the jumper towards to the 
terrain, with impact occurring before the course can be corrected. 
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reactivity in the hypothalamic-pituitary-adrenal (HPA) axis, and alpha-amylase reactivity 
as a surrogate of sympathetic arousal, in 98 BASE jumpers. They identified three classes 
of jumpers, defined by mastery, sociability, and determination, ‘Masterful’ jumpers had 
little alpha-amylase reactivity and average cortisol reactivity. In ‘trustful’ jumpers, cortisol 
reactivity was dependent on the social support they experienced prior to jumping. Finally, 
‘courageous’ jumpers, who were determined to jump despite anxiety and inexperience, had 
high sympathetic reactivity but average cortisol activation. 
 
Some early studies, focussed on sensation-seeking, implied that risk-taking was the true 
goal of free flight. However, this was debunked by Hardie-Bick and Bonner (104) who 
conducted semi-structured interviews with skydivers and climbers over 15 months. They 
found that ‘the majority of skydivers and climbers […] did not deliberately set out to 
increase the risks by placing themselves in increasingly dangerous situations […] 
Skydivers and climbers enjoy the challenge of managing rather than maximizing the risks 
associated with these pursuits.’ Duthie and Salter (105) concluded that that skydivers saw 
themselves as ‘the prime agent[s] in a controllable, predictable environment’, though 
Laurendeau (106) noted that sometimes they sustained an illusion of control in 
environments that were hazardous and fundamentally uncontrollable, in order to manage 
their concept of risk. 
 
While Hardie-Bick and Bonner spoke for the majority, they also identified a small 
subgroup of participants for whom risk-taking was a seductive, transgressive act 
(‘edgework’). Such participants were often a source of concern to other practitioners of 
their discipline. Monasterio et al. also identified self-destructive and ‘morally regressive’ 
traits in some BASE jumpers specifically (107). 
 
Sensation-seeking has undoubtedly been a motivating factor for many (108) but work by 
Kerr and others (99, 109, 110) showed more nuanced and varied motivations for 
participation in canopy sports. Through in-depth qualitative work, Kerr (109) identified 
‘goal achievement, risk taking, social motivation, escape from boredom, pushing personal 
boundaries and overcoming fear, as well as connecting with the natural environment’. 
Other recent work focussed on the positive aspects of canopy sports and free flight, as 
sources of pleasure (111),  purpose (100), flow state and transcendence (104, 107), 
emotional regulation (112), psychological health and resilience (110),  self-knowledge 
(101) and positive transformation (113).  
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Physiology and performance 
Until the mid-1980s, physiological studies in canopy sports were limited to measuring 
heart rate and catecholamine responses, particularly in response to parachute jumping. 
Authors found both novice (114) and experienced parachutists (115) experienced high 
heart rates, particularly at the point of exiting the aircraft, in a number of separate studies 
(116-119). Occasional supraventricular arrhythmias were recorded, sometimes associated 
with a brief period of slow, sinus arrhythmia just prior to jumping (115) indicating that 
both sympathetic and parasympathetic components might be activated by the experience 
(119). Analogous to the results from parachutists, a study of nine hang glider pilots in 1985 
(120) showed peak heart rates at take-off (around 175 bpm) and landing, alongside 
increases catecholamines and circulating adrenaline. The authors concluded the increases 
were ‘mainly due to the emotional stress rather than to metabolic energy demands during 
flight’. Filaire et al. (121) measured cortisol levels in ten paraglider pilots during a 
competition, noting elevations from the morning of the competition, with highest 
concentrations ten minutes before the start of the race and decreasing during the 
subsequent flight. 
 
Subsequent studies attempted to link these states of sympathetic activation to various 
aspects of performance. Falk et al. (122) and Schedlowski et al. (118) investigated the 
relationship between sympathetic activation and fear. They found anxiety states to be 
better correlated with experience than heart or respiratory rates, though experienced 
jumpers often chose to frame their arousal as excitement rather than fear. Meyer et al. 
(123) drew together experience, cortisol reactivity and emotional responses in 44 novice 
and experienced skydivers, looking for evidence of habituation. They found that 
experience modulated emotional responses but did not extinguish the physical response to 
the challenge. The above studies, and others like them (119, 124-127) concluded that 
physiological responses to skydiving did not appear to habituate with experience. Building 
on this foundation, authors investigating cognition reported a narrowing of attentional 
focus (128) and impairment of learning (129, 130) and working memory (131, 132) and 
distortion of perceived time (133) related to the sympathetic activation of skydiving, 
persisting (at least to some degree) even in experienced jumpers. Few of these studies 
allowed for the effects of hypoxia. Indeed, when Yousef et al. (134) simulated the altitude 
change of skydiving from 4,000 m in 12 participants in a hypobaric chamber, they found 
that the heart rate increases (of up to 27 % from resting values) were in step with the 
reduction in inspired oxygen fraction. Bradke and Everman (135) reported mild hypoxia 
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(SpO2 < 90  %) in a skydiver making repeated exits at 4,115 and 4,267 m. The validity of 
these studies will be further discussed in Chapters 5, 7 and 10. 
 
Bousquet et al. (136) described sensory illusions, similar to those seen in general aviation 
pilots, in hang glider and paraglider pilots during certain manoeuvres, including spiral 
dives and spins. Blok et al. (137) measured acceleration (‘G’) forces and heart rate during 
21 spiral dives by three paraglider pilots in live flight. The acceleration measures were 
quite rigorous, with the experimental setup calibrated on a centrifuge and recorded at the 
level of the chest. Average G-loads of between 2.2 and 3.2 G were recorded in spiral dives 
of between 7.5-14.3 m.s-1. Forces appeared to increase linearly with descent rate and 
heavier pilots were subjected to a higher G-loads for the same descent rates. Data quality 
for physiological measures was more limited, and only one run had usable data. That 
showed increases in heart rate at take-off, landing and during the spiral dives. Heart rates 
were maximal at take-off (greater than 180 bpm).  
 
There were also a number of other studies identified in which the canopy sport was not the 
focus of investigation but was used as a stimulus instead. First skydives were used as 
psychophysiological challenges in studies of cortisol reactivity (138-140), amygdala 
activation (141), immune function (142) and redox balance (143). Their findings were 
difficult to generalise to the wider population of free fliers. 
 
Biomechanics and ergonomics 
All but one of the biomechanical and ergonomic studies identified related to parachuting 
and skydiving. Areas of focus included reducing parachute opening shock (144-150) and 
prevention of knee and ankle injuries on landing (151-156). In separate studies over 30 
years, opening shock intensity was found to be influenced by the mass of the jumper, air 
density (opening altitude), initial velocity, duration of the opening, initial and final surface 
area and shape of the canopy system (145). The neck was identified as a particular area of 
vulnerability during opening (148) and, in 2016, a protocol was registered to trial a set of 
pre-deployment manoeuvres as an intervention, but no results have been published at the 
time of writing (149). In a similar fashion, the biomechanics of the knee (157) and ankle 
(154, 158, 159) were studied during parachute landing, and manoeuvres (160) and 
orthotics (153, 155) trialled to reduce injury rates. 
 
Two authors (161, 162) studied the ability of jumpers to operate their deployment handle 
(‘ripcord’) and riser releases, finding that not all parachutists could always generate the 
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forces required to deploy their parachutes. Building on this work, Latif et al. (163). 
subsequently investigated the optimum position for the deployment handle, finding some 
positions superior with regard to pull forces and others for visibility, with the thigh as the 
best compromise. However, their study lacked ecological validity as the participants were 
suspended vertically, even though deployment is typically from a horizontal ‘belly down’ 
position. These studies were an inspiration for the work in Chapters 8 and 9, both in terms 
of the potential for ergonomic improvements, but also of the need for ecological validity in 
experimental setup when looking to make design recommendations. 
 
Training, support and simulation 
A diverse range of articles commented on training methods, simulation and operational 
support for free flight and canopy sports. Visualised, verbalised (‘self-talk’), augmented 
and virtual reality simulations were found to improve both skydiving training (164-166), 
paragliding performance (167) and landing accuracy (168). Mohamed et al. (169) used 
post-hoc video analysis to identify critical points and strategies used by experienced 
jumpers for risk mitigation. Finally, work by Posselt and Hodkinson and the Red Bull 
Stratos and StratEx stratospheric parachute programmes described the preparations that 
could be made by medical support crews for the prevention, mitigation and treatment of 
decompression sickness (170), flat spin (171), ebullism (172) and other risks (173) 
pertinent to high and extreme altitude parachuting. 
 
2.3.4. Discussion 
The articles appearing in the literature search were of variable quality. Apart from the 
retrospective studies of parachuting injuries, which involved large numbers, most 
published work involved small samples of participants. The samples were typically 
heterogenous and little account was taken of intra- or inter-individual variability (see 
Chapter 10). The majority of articles related to parachuting and skydiving, rather than 
paragliding. However, there were still a number of findings and concepts relevant to the 
thesis. 
 
It was readily apparent from the morbidity and mortality data that accidents have been 
overwhelmingly due to human error, rather than equipment failure. Participants were 
particularly vulnerable to control errors, perceptual misjudgements and underestimation of 
the environmental conditions. In reporting a reduction in accidents with a certain 
instructional style, the Swedish skydiving registry data (60) demonstrated that these 
vulnerabilities could be addressed, even in beginners, with the correct approach. The 
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psychological work, though often appearing to be heavily influenced by the researchers’ 
pre-existing theoretical frameworks and impressions of the sports, helped identify the 
personality types and motivations of those most at risk. 
 
It appeared that participants’ physiological responses to the stressors of free flight did not 
habituate with experience in their discipline. This was an important conclusion, as efforts 
were made to link sympathetic activation with impairments in cognitive performance in 
some studies. Such impairments suggested a cause for accidents and a target for 
intervention. However, the definitions of ‘experienced’ in these studies were highly 
variable. Meyer et al. (123) included participants with between 23 and 8,000 jumps in the 
‘experienced’ group (in one study, ‘experienced’ included those with few as ten jumps 
(119)). In the eyes of most practicing skydivers, those with fewer than 25 jumps would still 
be considered unlicensed beginners.xv Furthermore, Yousef et al. (134) in finding heart rate 
increases in step with the reduction in inspired oxygen fraction in simulated skydiving, 
along with the report by Bradke and Everman (135) of mild hypoxia in a skydiver, implied 
that some of the ‘non-habituating’ sympathetic activation might be due to acute hypoxia, 
rather than the act of free flight itself. Notably though, Yousef et al. (134) found none of 
the changes in cognitive performance found in the ‘live’ studies above (as measured by 
digit span), so there might still have been some basis to their conclusions. 
 
The prevalence of human error over equipment failure did not imply that equipment was 
beyond improvement. The studies of parachute opening shock and deployment handle 
position illustrated that particular vulnerabilities could be identified, and designs modified 
to work better with natural human responses and frailties. As almost all spinal injuries 
from paragliding accidents were stable compression fractures of just three vertebrae (T12-
L2), it could be readily inferred that adequate protection for this area was still wanting. 
 
All of the errors and psychological vulnerabilities identified within the literature search 
took place within specific flight environments. However, there were very few 
 
xv To illustrate, the Fédération Aéronautique Internationale (FAI) has four levels of 
licensing, A-D: a beginner ‘A’ license requires a minimum of 25 jumps, a ‘D’ license 
requires at least 500 and to train as an instructor in the UK requires a minimum of 1,000 
jumps. [British Parachute Association. Operations Manual (3rd ed.). BPA (2018): 
Leicester, UK.] 
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investigations of the direct effects of those environments on the participants. In 
paragliding, it was limited to two reports of frostbite, a single study measuring G forces in 
spiral dives, and hints at the effects of hypoxia. 
 
However, looking beyond free flight, the effects of environmental stressors on physical 
and cognitive performance have had considerable attention. Hypoxia (174), thermal (175) 
and acceleration stress (176) have all been shown to diminish physical performance. A 
systematic review and meta-analysis by McMorris et al. (177) concluded that hypoxia was 
a key predictor of reduced cognitive performance, while Taylor et al. (11) highlighted the 
potentially detrimental effects of heat and cold on cognition. The impact of these 
environmental stressors may be synergistic (178, 179), moderated by genetics (180), 
repeated exposures (181), training (182, 183) or specific equipment (184). 
 
Environmental stressors have been studied in general, commercial and military aviation. 
Hypoxia akin to high altitude flight has been shown to diminish performance in 
psychometric testing (185), and in simulated flight (186, 187). Decrements persisted even 
on descent (188, 189). Impairment has also been suggested in pilots flying at the lower 
altitudes more typically frequented by paraglider pilots (190-192). Acceleration-induced 
loss of consciousness (G-LOC) has been widely described in military aviation (193). As G-
LOC is effectively a hypoxic insult, pilots who are already hypoxic or cold may be more 
vulnerable. Environmental factors have their place on the HFACS taxonomy, as potential 
preconditions for unsafe acts (Figure 2.8). 
 
 
Figure 2.8. Preconditions for unsafe acts (tier 3 of the HFACS taxonomy) (4) 
 
Paraglider pilots might be vulnerable to hypoxia, hypobaria, cold, acceleration forces, wind 
noise and UV exposure, in isolation and in combination. As Martin et al. (10) stated in the 
conclusions of their 2019 systematic review: ‘understanding the impact of environmental 
stress on […] performance is crucial as it allows for prediction of performance decrements, 
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and potential mitigation strategies to be identified’. While the aims and hypotheses of 
individual experiments are described in detail their respective chapters, the broad goal of 
this PhD was to summarise the risks of paragliding and contextualise them through 
describing the impacts of its environmental stressors on pilots and their equipment. 
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Chapter 3. General Methods and Equipment 
 
3.1. Introduction 
The diverse range of experiments in this thesis had only a few methods in common. Most 
are described in the individual chapters that follow. However, several experiments used the 
tools below. 
 
3.2. The HFACS Taxonomy 
The HFACS taxonomy (4) was used a conceptual framework during the PhD, and in the 
analyses in Chapter 4. It is referenced throughout the thesis. The taxonomy was originally 
developed by Wiegmann and Shappell for the United States Navy and Marine Corps as an 
accident investigation tool. It was subsequently used to classify the underlying causes of 
error in commercial (194) and general aviation (195) incidents. HFACS was mentioned as 
a means to guide hypoxia studies in aviation in a review by Petrassi et al. that focused on 
hypoxic hypoxiaxvi at moderate altitudes (5).  
 
 
xvi Hypoxic hypoxia results from a low partial pressure of oxygen, distinguishing it from 




Figure 1.1.  The Human Factors Analysis and Classification System (HFACS) (4) 
 
The taxonomy (Figure 1.1) described four levels of human failure, one active and three 
latent, building on work by Reason (3). These were unsafe acts, preconditions for unsafe 
acts, unsafe supervision and organisational influences. The active failures, the unsafe acts, 
were divided into errors and violations. Errors represented a failure to achieve a goal, 
violations a deliberate deviation from prescribed practice. While these might have directly 
led to the incidents, they occurred in the context (‘preconditions’) of a particular set of 
environmental, physical, mental and social conditions and interactions. These in turn grew 
from supervisory and corporate cultures. In considering a relatively novel form of aviation, 
such as a paragliding, the taxonomy offered a valuable structure both for planning work 
and also for drawing comparisons with more mature forms of flight. 
 
3.3. Metamax 3b Portable Metabolic System  
The Metamax 3b (CORTEX Biophysik GmbH, Leipzig, Germany) provided breath-by-
breath analysis of expired gases (V̇O2, V̇CO2) and measured minute ventilation (V̇E) and 
breathing frequency (fR) in the first and second experiments. The Metamax 3b has been 
shown to be stable and accurate for up to three hours of low-to-moderate intensity exercise 
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(196), though it had reported been to overestimate V̇O2 and V̇CO2 at higher intensities 
(196). It was chosen over alternative systems, as it had been previously validated at 
altitudes up to 5,300 m and used up to 7,950 m in mountaineers (197). It also caused 
minimal impairment of pilot movement and vision when worn on the front of the torso. 
Data were downloaded using MetaSoft Studio (CORTEX Biophysik GmbH, Leipzig, 
Germany). 
 
3.3.1. Manufacturer’s specification 
O2 sensor (fuel cell): 0-100 %, resolution < 0.1 Vol % 
CO2 sensor (NDIR), 0-13 %, resolution < 0.1 Vol % 
Pressure sensor: 300-1,100 mbar 
Volume turbine: flow < 20.1 L.sec-1, resolution 50 mL (accuracy +/- 2 %) 
Operating environment: -10 °C to + 40 °C, 0 to ~ 5,500 m altitude (500 mbar) 
 
3.3.2. Calibration and correction for changes in altitude in flight 
The Metamax 3b calculated oxygen consumption by subtracting the expired oxygen from 
the inspired oxygen measured during calibration. The Metamax 3b sensors were fully 
calibrated on take-off to barometric pressure, a fixed volume (3 L) syringe, and 
environmental and two-point reference gases (5% CO2 and 15% O2, exact concentration 
specified on each individual cylinder) before each use. However, as the paraglider climbed, 
and descended error would be introduced into the calculations as barometric pressure (and 
in particular, inspired oxygen) varied from the calibration altitude through the flight. For 
example, as the pilot flew higher, the gap between inspired and expired oxygen would 
narrow slightly but the Metamax 3b, calibrated at take-off altitude, would not account for 
that narrowing, so calculating an oxygen consumption slightly greater than the true value. 
This was corrected using the ratio of barometric pressures recorded during the flight by the 
flight instrument with the calibration pressure set on the flight instrument at take-off to 
match that recorded by the Metamax 3b. 
 
Where oxygen consumption or carbon dioxide production was described, values were 
converted to standard temperature and pressure dry (STPD, 0 ºC / 273 K, 760 mmHg / 












Where V = volume, amb = ambient (measured) conditions, P = pressure and PH20 = 
partial pressure of water, T = temperature. 
 
The partial pressure of water remains constant when saturated in the respiratory tract with 
increasing altitude, even as the ambient pressure falls, a source of error that becomes more 
significant with increasing altitude. Consequently, volumes relating to alveolar ventilation 
were corrected to body temperature and pressure saturated (BTPS, 47 mmHg / 6.3 kPa at 
37 ºC). The following equations (198) were used to derive the conversion factors: 
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Where V = volume, amb = ambient (measured) conditions, P = pressure and PH20 = 
partial pressure of water, T = temperature. 
 
In the live flight experiments (Chapter 5), barometric pressure was derived from the pilots’ 
instruments, calibrated at take-off to match the Metamax 3b. Ambient temperatures at 
altitude were derived from the International Standard Atmosphere (199), corrected for 
starting pressure and temperature as recorded by the Metamax at calibration. Partial 
pressure of water at altitude was derived using the August-Roche-Magnus formula as an 
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Where, es is saturated vapour pressure (hPa) and T = temperature (°C) 
 
In the chamber experiments, the fraction of oxygen and ambient temperature were 
measured directly. Failure to account for the influence of water vapour with increasing 
altitude may explain some of the differences seen in the literature between hypoxia due to 
hypobaria and hypoxia simulated through fractional reduction of oxygen in normobaria 
(201, 202). ‘Equivalent altitudes’ based only on chamber FiO2 may vary not just from live 
flight, but also from day to day, due to changing atmospheric pressure in the chamber. One 
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approach is to use PIO2, the fraction of oxygen in the saturated trachea as the basis for 
equivalent altitude (202). It is calculated as: 
 
..9) =	:/9)	(.+ − .(!,) 
 
This equation can then be rearranged to derive the simulated barometric pressure, and 
equivalent altitude calculated according to the ISA (199). The normobaric chamber 
experiments of chapter 7 were completed over a number of days, each with a different 
atmospheric pressure (Table 7.7), as measured during Metamax calibration. To reflect this, 
the altitude equivalents in the results tables are given as a range, reflecting the minimum 
and maximum equivalent altitudes simulated during the experiments.  
 
 
Figure 3.1. Preparing the Metamax 3b on Chabre Launch. (Picture: Jocky Sanderson, 
with permission). 
 
3.3.3. Field ‘biocalibration’ with step ergometry 
When the Metamax was used with paraglider pilots in the field, it became apparent that 
relatively low V̇O2 values were being recorded in flight. These were not unexpected and 
the Metamax 3b had been validated for low-to-moderate levels of exercise (203) and low 
air/wind speeds. However, for additional reassurance, step ergometry was performed with 
the study equipment and the results compared to the ACSM predictive equations (204). 
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Two pilots undertook a step test in the study campsite (901 m AMSL) using a 25 cm step, 
at low cadences of 10, 20 and 30 steps.min-1 for three minutes, followed by a brief 
maximal effort run). Predicted V̇O2 were calculated from the ACSM equation: 
 
!9) = 0.2	(;<=3>;3) + (?@38	ℎ3BCℎ@	 ∙ ;<=3>;3	 ∙ 2.4) + 3.5 
 
 
Figure 3.2. Step ergometry for Participant 1: V̇O2 (mL·kg-1·min-1, dotted) and HR (bpm, 
solid). 
 
Table 3.1. Measured (final minute of each three-minute period) and predicted V̇O2 values 
using the Metamax 3b experimental set up during step ergometry. Values given as mean 






Participant 1 V̇O2 
mL·kg-1·min-1 
Participant 2 V̇O2 
mL·kg-1·min-1 
10 11.5 10.7 9.4 
20 19.5 15.8 15.1 
30 27.5 26.0 20.0 
 
The results (Figure 3.2 and Table 3.1) showed a reasonable degree of accuracy given the 
ad hoc nature of the test and were sufficiently reassuring to continue with the field studies.  
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3.4. Hexoskin system  
The Hexoskin (Carre Technologies Inc., Montreal, Canada) was a commercially available 
system validated for light activity and resting in a variety of postures with no additional 
field calibration (203). It consisted of a biometric shirt, accelerometer and data logger. It 
was used in the paragliding field studies to measure single-lead electrocardiogram (ECG) 
and thoracic and abdominal movements via textile electrodes and stretch receptor fibres 
and to conduct 3-axis accelerometery. The accelerometer was aligned in the coronal plane 
at the level of the umbilicus. 
 
3.4.1. Manufacturer’s specification 
Thoracic and abdominal excursion: 128 Hz, to maximum equivalent tidal volume (VT) of 
80 ml to 10 L 
Respiratory frequency: 1 Hz, between 3 to 80 breaths per minute. 
Inspiration and expiration events: 8 ms resolution 
ECG: 256 Hz between HR of 30 to 220 BPM (HR logged at 1 Hz) 
QRS event detection: 4ms resolution 
RR intervals: 4 ms resolution 
Acceleration: 3 axes, 64Hz, +/-16 G range, 0.004 G resolution (manufacturer calibrated, 
placed at the level of heart unless otherwise stated). 
 
The raw data were downloaded using HxServices (Carre Technologies, v. 3.2) then used to 
derive HR, fR and VT and Gx, Gy and Gz forces, alongside indices of measurement quality 
(disconnection, noise, RR-interval reliability).  
 
Pilots in Experiment 1 Studies 1 and 2 used Hexoskins and the Metamax 3b, however 
Study 3 pilots (extreme altitude) only used the Hexoskin system. Consequently, the 
Hexoskin values for V̇E, fR and VT were used in preference to the Metamax 3b values, 
when making direct comparisons between the groups. Hexoskin measures were based on 
direct measurement of chest volume, factory-calibrated to body temperature and pressure 
saturated (BTPS). Bland-Altman calculations comparing the Hexoskin to the Metamax 3b 
measures (converted to BTPS) of V̇E (L·min-1) in the four Study 1 pilots in live paragliding 
flight, showed a true bias of -1.0 L·min-1 (Hexoskin against Metamax, one sample t test, µ 
= 0, p < 0.001), with upper and lower limits of agreement as 3.9 (± 0.21, 95 % CI) and -5.9 
(± 0.22 95 % CI) L·min-1 respectively (205). 
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3.5. Altitude measurement 
When possible, barometric altitude was used, calibrated against the Metamax measure, 
daily surface pressure measurement (QNHxvii) or a known fixed altitude. GPS altitudes 
were used only in the extreme altitude studies, when these were unavailable. Data were 
recording using GPS vario-altimeters, flight instruments that measure barometric and GPS 
altitudes, rate of change in altitude (in m·s-1, 10 cm resolution) and GPS position, typically 
recorded at 1 Hz. Pilots used their own instruments, as unfamiliar devices would have 
potentially increased stress, confounding the measurements and reducing safety. Altimeter 
data were imported and reformatted in GPS Utility (http://www.gpsu.co.uk, v5.3). 
 
3.6. Statistics 
Unless otherwise stated, quantitative analysis was conducted using R Studio (V1.0.143, R 
Project for Statistical Computing, R Core Development Team, V 3.4.1), using scripts 
written by this author. A statistician (Dr Juliana Pugmire, University of Glasgow) was 
consulted when required, with a particular focus on appropriate statistical methods for 
small sample studies. Distribution of results was assessed using descriptive methods 
(skewness, outliers, and distribution plots) and inferential statistics (Shapiro–Wilk test). 
Where the outcome of the Shapiro-Wilk test was significant, non-parametric tests 
(typically, Wilcoxon Rank Sum and Spearman’s Rank Correlation) were used instead. 
Multiple comparisons were corrected using the Holm-Bonferroni method. Significance 




xvii METAR data from www.windy.com  
 60 
Chapter 4. The Risks of Paragliding Flight 
The statistical analyses in this chapter were reviewed by Dr Juliana Pugmire, University 
of Glasgow. We gratefully acknowledge the assistance of David Thompson (BHPA Senior 
Technical Officer) in obtaining the accident data and of Ed Ewing (Editor, XC Magazine) 
and the Lanarkshire and Lothian Soaring Club (LLSC) Committee in reviewing and 
conducting the survey. 
 
4.1. Introduction and approach 
Neatly encapsulating the risks of any complex activity is not easy and paragliding is no 
exception. However, accurately calculating the risks of paragliding is made even more 
challenging, as both the numerator (incident numbers) and the denominator (participation) 
must be estimated from relatively unreliable sources. Incident reporting is voluntary, and, 
with the exception of fatal accidents, under-reporting is likely very common. 
 
Selecting an appropriate denominator is also not straightforward. A simple denominator 
might be total number of pilots (for example, the Paragliding Manufacturers Association 
came up with a figure of 127,000 pilots in 2014) (206). However, not all paraglider pilots 
are members of national associations or learnt through a school: indeed, it is possible 
(though inadvisable) to buy equipment from the internet and teach oneself. More 
importantly, paraglider pilots do not file flight plans, so even if accurate numbers of pilots 
were available, it would still not be known what nature or volume of flying activities they 
were undertaking. 
 
The most effective way to quantify the risks of paragliding would be to follow a large 
group of pilots prospectively, asking them to accurately log all flying activities, incidents 
and near misses over several flying seasons (to account for variation in weather 
conditions), then to corroborate their reports with their flight instrument data. However, 
recruiting a truly representative group, of sufficient size, and equipping them with the 
appropriate technology would have been a challenge beyond the scope of this PhD. 
 
Two approaches were taken instead. The first (numerator) was a detailed analysis of 
incidents using the best incident data available at the time, which was judged to come from 
the British Hang Gliding and Paragliding Association (BHPA, section 4.2). Almost all 
U.K. pilots are members of the BHPA and, as it is a small community, unlicensed pilots 
tend to be quickly identified and challenged. The BHPA also has the highest incident 
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reporting rate of any of the European paragliding associations. Finally, the BHPA 
investigates all fatal incidents on behalf of Air Accidents Investigation Branch (AAIB) and 
manually reviews every submission to the European Hang Gliding and Paragliding Union 
(EHPU) Accident Database to avoid duplication. 
 
The second part (denominator, section 4.3) was an online survey of readers of Cross 
Country Magazine to better understand the nature and volume of flying that these pilots 
were undertaking, and provide a better denominator to member numbers. 
 
4.2. Analysis of U.K. (BHPA) Incident Reports 2014-2019 
4.2.1. EHPU Accident Database and the BHPA Member Database 
Individual pilots (or witnesses) may submit a report to the EHPU Accident Database 
following a paragliding incident. This is a voluntary process, except in the case of fatal 
accidents. Once a report has been submitted, it is reviewed by BHPA staff, and then 
entered into the EHPU database. 
 
BHPA entries on the European Hang Gliding and Paragliding Union European Accident 
Database were downloaded on 27 January 2020, following ethical review (UoP Ethics 
Screening Tool ETHICS-10049). 
 
The download included 1,296 reports, of which 1,034 related to paragliding, dated between 
8 January 2012 and 21 January 2020. Report completeness varied between data fields, and 
so is described in the individual figures that follow. The reports in which the pilots were 
unhurt were manually reviewed to exclude reports relating to non-flying incidents (for 
example, equipment issues identified during servicing). One thousand remained, including 
26 (2.6 %) with fatal, 387 (38.7 %) serious, 248 (24.8 %) minor injuries and 339 (33.9 %) 
in which the pilot was unhurt. Fatal injuries were defined by the database as death ‘within 
30 days following the accident’. Serious injuries were defined as ‘more than 48 hours in 
hospital, fractures (except for finger, nose, toe), haemorrhage, ligament rupture’. 
 
The BHPA also provided member numbers for the years 2012-2019 (membership 
increased from 4,825 to 5,385 paraglider pilots over the seven years) and an anonymised 
version of its current member database (to 7 Feb 2020), which included members’ ages, 
genders and license levels.  
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4.2.2. Incident rates 
The incident reports revealed a median of three (IQR 2.5-4.25) deaths and 44 (IQR 40.2-
58.8) serious injuries per year amongst UK paraglider pilots between 2012-2019 (Figure 
4.1). If BHPA member numbers were used as a denominator (in the absence of a better 
alternative, such as hours or kilometres flown), then the median fatality rate in UK 
paragliding between 2012-2019 would have been 60 (IQR 47-81) per 100,000 pilots. 
 
 
Figure 4.1. Incident rates based on BHPA membership numbers. Number of incidents 
divided by annual BHPA member numbers for the years 2012-2019, grouped by severity of 
injury (fatal, serious, minor and unhurt) and expressed as ‘per 100,000 members’. 
 
4.2.3. Pilot demographics, hours and currency 
In January 2020, the mean age of BHPA paragliding members was 51.2 (12.2) years, and 
the male-to-female ratio was 16.1:1. Amongst those pilots who sustained injuries (of any 
severity) during their incident between 2012-2019, the mean age was similar at 48.6 (11.0) 
years and there was no statistically significant association between gender and incidents 
involving injury (c2 = 1.4, p = 0.24).  
 
The distribution of flying hours in the database was heavily right-skewed towards lower 
airtime pilots (though lower airtime pilots also make up the bulk of the general flying 
population). The median total flying hours amongst injured pilots was 118 (IQR 15-400) 
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hours, and the median number of hours flown in the six months prior to the incident was 
14 (IQR 4-30) hours. Uninjured pilots had higher total hours (185 (IQR 45-600) hours), as 
well as hours in the last six months (20 (IQR 10-40) hours). Both differences were 
statistically significant (p = 0.0002 and p = 0.0001, respectively). 
 
4.2.4. Flight types, phases and conditions 
The majority of injuries occurred during local flights (58.7 %), training flights (24.5 %), 
and cross-country country flights (6.2 %). The landing approach and landing were the 
flight phases most likely to lead to injury (39.3 %), followed by take-off (20.6 %) and 
ridge soaring (18.9 %). 
 
The majority of incidents were reported in winds less than 20 km.h-1 (Figure 4.2), with 
little thermic activity (Figure 4.3) or turbulence (Figure 4.4). Reported wind speed (c2 = 
14.9, p = 0.06), thermal strengthxviii (c2 = 1.1, p = 0.77) and turbulence (c2 = 4.2, p = 0.39) 
were not associated with increased chance of injury. (Note that while wind, thermals and 
turbulence may still be associated with increased rates of incidents in general, this could 
not be determined from the database without a denominator for ‘typical’ flying conditions. 
It may be, for example, that beginners favoured more benign conditions. They were also 
reported values, and it was not specified in the database whether they represented peaks or 





xviii Thermal strength is estimated from the rate of climb of a paraglider turning in the core 
of a thermal, using a variometer. It is typically expressed in meters of climb per second 
(m·s-1) in paragliding, and in feet per minute (fpm) in powered aviation and gliding. 
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Figure 4.2. Incidents by wind speed. Subjective wind speeds reported in 650 incidents in 
which pilots were injured and 324 incidents in which pilots were uninjured. 
 
 
Figure 4.3. Incidents by thermal strength. Subjective thermal strength reported in 495 
incidents in which pilots were injured and 257 incidents in which pilots were uninjured. 
Calm was defined in the database a 0-1 m·s-1, moderate as 1-3 m·s-1, strong as 3-5 m·s-1 




Figure 4.4. Incidents by turbulence. Subjective levels of turbulence reported in 586 
incidents in which pilots were injured and 303 incidents in which pilots were uninjured. 
Light turbulence was defined in the database as ‘no pilot action required to maintain 
control’, moderate as ‘occasional pilot action required to maintain control’, strong as 
‘constant pilot action required to avoid loss of control’ and very strong as ‘unable to 
maintain control, even with constant pilot action’. 
 
 
4.2.5. Glider instability 
The type of glider instability that led to injury was only specified in 44.0 % of reports and 
was self-reported (like everything else in the database with the exception of fatal 
accidents). Asymmetric collapse was most common (37.5 %), followed by spin (13.8 %) 
and frontal collapse (11.9 %). The consequences of the asymmetric collapses, specified in 
83.1 % of reports, were persistent asymmetric collapse (45.2 %), spiral dive (23.9 %) and 
spin (13.1 %). The consequences of spins, specified in 81.0 % of reports tended to be 
persistent spin (66.6 %), deep stall (10.0 %), or deep stall followed by spin (6.6 %). The 
majority of frontal collapses (65.3 %) led to a cascading set of glider configurations, often 
with rotational components. 
 
 66 
4.2.6. Injury patterns and impact orientation 
Fatal injuries were predominantly those of the head and body, whereas serious and minor 
injuries were typically to the lumbar spine or limbs (Figure 4.5). These injury patterns 





Figure 4.5. Injury patterns. Injuries were reported in 17 of 26 (65.3 %) of incidents with 
fatal injuries, 378 of 387 (96.9 %) of incidents with serious injuries and 217 of 248 (87.5 
%) of incidents with minor injuries. Fatal injuries were defined by the database as death 
‘within 30 days following the accident’. Serious injuries were defined as ‘more than 48h 







Figure 4.6. Relative contribution of impact orientation to injury severity. Impact 
orientations were reported in 8 of 26 (30.1 %) of incidents with fatal injuries, 276 of 387 
(71.3 %) with serious injuries, 183 of 248 (73.8 %) with minor injuries and 149 of 339 
(44.0 %) where the pilot was unhurt. A normal landing would be in the ‘legs down’ 
position, but with sufficient control to avoid injury. (Impact position diagrams from EHPU 
Accident Database 2020.) 
 
4.2.7. Reserve parachute use 
Information on reserve deployment was available for 270 (65.3 %) of 413 incidents in 
which the pilot suffered serious or fatal injuries. The reserve parachute was not deployed in 
256 of these 270 incidents (94.8 %) though, given the consequences for the pilots, it would 
be a fair assumption that it should have been in most cases. In the remaining 14 incidents, 
the reserve was deployed accidentally twice (causing injury), and deliberately on 12 
occasions. Where deliberately deployed, it opened successfully on six occasions, there was 
insufficient altitude on five occasions but only a single ‘failure to open’. It could not be 
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gathered from the data whether any of the fatally injured pilots had attempted to deploy 
their parachutes but failed. 
 
There were 587 incidents in the database where the pilot suffered minor injuries or was 
unhurt. Information on reserve deployment was available for 414 (70.5 %) of incidents. 
The reserve parachute was not deployed in 362 of 414 incidents (87.4 %) in which the pilot 
suffered minor or no injury. (Note though, that in these instances, reserve deployment 
might not have been appropriate, unlike those incidents above in which injuries were 
severe or fatal.) In the remaining 52 incidents, the reserve was deployed accidentally 10 
times, and deliberately on 42 occasions. Where deliberately deployed, it opened 
successfully on 33 occasions, there was insufficient altitude on six occasions, the reserve 
tangled with the paraglider on two occasions and the pilot landed in a tree in one. 
 
Deliberately deploying the reserve was associated with a significantly increased chance of 
being unhurt or experiencing only minor injuries during an incident (c2 = 6.9, p = 0.008). 
From the data available in the database, deliberately deploying the reserve was protective 
against serious or fatal injury (risk ratio 0.53), even though a proportion of those reserves 
tangled, or the altitude was low (discussed in detail in Chapters 8 and 9 below). 
 
4.2.8. Accident causation 
During the reporting process, pilots were able to indicate any factors they felt may have 
contributed to the incidents. These were split into equipment errors and pilot errors. Only 
48 (4.8 %) of the 1,000 incident reports were due to equipment failure, of which 20 related 
to the harness, 15 to the wing and five to the reserve parachute deployment handle. Seven 
incidents related to a failure of tow launching equipment (see section 2.1.3). Eight hundred 
and sixty-three reports alluded to some aspect of pilot error. These errors were self-
reported (or reported by witnesses) from a fixed menu of options.xix 
 
 
xix Reporters were able to select any that applied from the following list: poor or 
insufficient pre-flight check; control input error; impaired by poor health/alcohol/stress; 
poor airmanship; misjudged the weather; misjudged the wind and/or location; poor 
understanding of flying rules; inappropriate choice of take-off/landing site; inattention; 
misjudged distance; poor lookout; inexperience; overconfidence; traffic density. 
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The results have been displayed in Figure 4.7 below, grouped by HFACS categories (see 
Chapter 3) (4). 
 
 
Figure 4.7 Self-reported pilot errors from 863 incidents (number of times each error cited, 
expressed as a percentage of the total number of incidents), grouped by HFACS 
categories. (DE = decision-based error, SE = skill-based error, PE = perceptual error, 
RV = routine violation; AMS = adverse mental state, APS = adverse physical state, PML 
= physical/mental limitations, PEnv = physical environment; as the incidents often 
included more than one causal factor, the percentages in the figure do not add up to 100 
%.) 
 
Despite its inherent flaws, the accident database was a rich source of information as to the 
nature of reported incidents in paragliding. However, these reported incidents were 
expressed as absolute numbers. Without a good denominator, there could only be limited 
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understanding of the rates, relevance and generalisability, of these findings to the 
paragliding population. 
 
4.3. Cross Country Magazine Survey 
4.3.1. Introduction and Rationale 
To better describe the flying activities undertaken by paraglider pilots, and to provide a 
more useful denominator than membership numbers, readers of Cross Country Magazine 
(the largest English-language international free flight publication) were surveyed regarding 
their flying activity.  
 
4.3.2. Methods 
The survey instrument was built in Survey Monkey (SVMK Inc, San Matteo, CA), in 
accordance with the recommendations in the International Handbook of Survey 
Methodology (207) for list-based surveys of high-coverage populations. The instrument 
was piloted with 20 participants and received ethical approval (SFEC 2019-115). The 
survey was in three parts: the first quantified total experience, the second focussed 
specifically on 2019, and the final part on incidents in 2019. Participants were asked how 
their responses were generated (from memory or written records), and also a single 
question about perception of risk. A copy of the survey instrument is included in Appendix 
III. 
 
The Country Magazine readership database was fully GDPR-compliant, with explicit opt-
in permission for web surveys, and the activity of the registered email addresses had been 
checked annually. An individual email invitation and unique login were sent to the 7,262 
readers who had opted-in for web surveys on 24 February 2020, a single reminder email 
was sent on 28 February 2020 and data collection was closed on 9 March 2020 (14 days 
later). Four thousand nine hundred and fourteen (67.7 %) of these invitations were opened, 
2,028 (27.9 %) were clicked through and 1,788 survey responses were received. The 
overall response rate was therefore 24.6 %. There were 1,524 complete responses (85.7 %) 
and 254 partial responses (14.3 %) and the average time taken to complete the survey was 
seven minutes. 
 
The anonymised data were downloaded on 9 March 2020. Free text fields were iteratively 





Of the 1,788 respondents, 1,655 flew paragliders as their primary discipline of flight. 
The mean age of these paraglider pilots was 48.0 (11.6) years, 1543 were male (93.2 %), 
101 were female (6.1 %), while 11 (0.6 %) declined to specify (male:female ratio of 15:1). 
 
Results for total years and hours flying were heavily right-skewed: the median years flying 
was 10 (IQR 4-20) years, and median total hours was 350 (IQR 122.5-900) hours.  
 
Hours and Currency in 2019 
These results also had a right-skewed distribution. The median total hours was 42 (IQR 20-
80) hours (Figure 4.8) and median number of flights was 44 (IQR 24-80). The median gap 
between flights in 2019 was seven (IQR 4-12) weeks and the majority of pilots (922, 55.7 
%) flew throughout the year (Figure 4.9). 
 
 




Figure 4.9. Frequency of different flying patterns: concentrated into short bursts (e.g. 




Respondents to the survey reported that they flew a total of 87,909 hours in 96,042 flights 
during 2019. In addition, they were asked to indicate the percentages of their flying hours 
spent in engaging different types of paragliding flight. Most flights were local (37,680 
flights, 39.2 %) but because of longer flight times, a higher proportion of hours were spent 
in cross country (33,933 hours, 38.7 %) rather than local (23,845 hours, 34.0 %) flying 
(Figure 4.10). This distinction was important when considering ‘exposure’ to paragliding, 
as exposure to the risks of launch and landing might be best expressed by numbers of 





Figure 4.10. Frequency of flights (N = 1,428) and hours (N=1,455) flown by respondents 
in 2019, broken down by activity. ‘Tandem (C)’ is commercial, and ‘Tandem (R)’ is 
recreational. ‘Flights’ were defined as a distinct launch then landing (not a ‘touch-and-go’ 
or ‘wagga’ flightsxx) and ‘flying hours’ as time spent in the air. 
 
xx ‘Touch-and-go’ flights are those where a pilot comes into land on top of a hill, briefly 




Respondents were also asked to indicate the proportion of their flying hours spent in 
different conditions. Of the total hours flown, the majority were in thermal conditions 
(59,167 hours, 67.5 %) followed by soaring (19,663 hours, 22.4 %) and still air (‘top to 
bottom’ flights (8,880 hours, 10.1 %). 
 
Wing 
Half of respondents (834, 50.3 %) used a wing from the EN-B class (Figure 4.11). This is a 
midrange class of paraglider, designed to balance performance with passive safety, and 
certified according to European Standard EN 926 (see section 2.1.2.) (26). As it is the most 
common class of paraglider, it is often subdivided into ‘low EN-B’ (more passive safety) 
and ‘high EN-B’ (more performance). 
 
 
Figure 4.11. Wings used by respondents for the majority of their flying in 2019 (N = 
1,441). ‘EN-B (L)’ were low EN-B wings and ‘EN-B (H)’ were high EN-B wings, as 
classified by the respondents. ‘Acro’ included freestyle wings, and ‘CCC’ all competition 
and prototype wings. Single surface paragliders were included in ‘Other’. 
 
ground. ‘Wagga’ flights involve a combination of kiting the wing and airborne tricks, close 
to the ground. 
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Incidents, near misses and incident rates 
One hundred and three (6.2 %) of respondents reported having to seek first aid or medical 
attention, attend hospital or miss a day of work in 2019 because of a flying incident. 
Twenty-eight (1.7 %) had to stay in hospital for more than 24 hours. Four hundred and 
twenty-three (25.6 %) reported one or more near misses, defined as ‘unplanned events that 
had the potential to cause injury but did not result in accident’. Considered in terms of 
hours flown, that equated to 31 serious injuries, 117 incidents and 481 near misses per 
100,000 hours in this cohort; or 29 serious injuries, 107 incidents and 440 near misses per 
100,000 flights.  
 
Sixty-seven (65 %) reported details of their incidents. Three (4.4 %) incidents led to severe 
polytrauma, the remainder involved isolated (but in many cases serious) injuries to the 
limbs (45, 67.2 %), spine (5, 7.5 %), head (2, 3.0 %), pelvis (2, 3.0 %) and ribs (2, 3.0 %). 
Four hundred and thirteen (98 %) reported details of their near misses. Only three of the 
480 (0.6 %) incidents and near misses involved equipment failure. The remainder included 
one or more categories of pilot error (Figure 4.12) The majority of incidents included skill-
based (379, 79.0 %) and decision-based (213, 44.4 %) errors. Control input errors were 
most frequently reported (315, 65.6 %), followed by misjudgement of wind strength or 
aerology (142, 29.6 %). One-hundred and forty-two (29.6 %) reports included a collapse, 
28 (5.8 %) a stall, and 27 (5.6 %) a spin. Mid-air collisions or near misses, top-landing and 




Figure 4.12 Reported errors by HFACS category. Errors from 67 incidents and 413 near 
misses (number of times each error cited, expressed as a percentage of the total number of 
incidents). (DE = decision-based error, SE = skill-based error, PE = perceptual error, RV 
= routine violation; as the incidents often included more than one causal factor, the 











Respondents were asked to rate their perception of paragliding’s risk using a slider, 
between zero (‘certain you will never be injured’) and 100 (‘certain you will be injured at 
some point’, Figure 4.13). The slider’s initial position was at 50, midway between the two 
extremes. The median perceived risk was 54 (IQR 34-70). 
 
 
Figure 4.13. Density plot of perceived risk of paragliding (N = 1,226), from 0 (‘certain 
will never be injured’) to 100 (‘certain will be injured at some point’). 
 
Relationship between flying hours, currency and risk perception to incidents and near misses  
Logistic regression was performed to ascertain the effects of these factors on the likelihood 
of respondents reporting an incident or near miss in the survey. 
 
The logistic regression model was statistically significant (c2 (3) = 45.0, p < 0.0001). 
There were statistically significant increases in the likelihood of reporting an incident or 
near miss with increasing hours and increased perception of risk, and a reduction with a 
lengthening gap between flights (Table 4.1). Expressed in terms of odds, for every 
additional hour flown, the odds of having an incident or near miss were fractionally 
increased by a factor of 1.003 and with every additional week’s gap between flights, the 
odds of having an incident or near miss were fractionally reduced by a factor of 0.976. 
 79 
Equally, with every %-point increase in perceived risk, the odds of having an incident or 
near miss were fractionally increased by a factor of 1.013. 
 
Table 4.1. Logistic regression analysis of the effects of flying hours, gap between flights 
and perceived risk on the likelihood of reporting an incident or near miss. 
 
Parameter Maximum likelihood estimates Odds ratio estimates 
 df Estimate SE Wald c2 Pr > c2 OR 95 % CI 
Hours 1 0.002 0.001 5.8 0.016 1.002 1.000-1.005 
Gap 1 -0.030 0.009 7.4 0.0067 0.976 0.959-0.993 
Risk 1 0.013 0.003 22.8 < 0.0001 1.013 1.008-1.019 
 
Reporting Accuracy 
Respondents were asked what proportion of their flights had been logged, on a five-point 
scale (from ‘none’ to ‘all’, Figure 4.14). The majority (1,266, 76.6 %) of respondents 
logged ‘most’ or ‘all’ of their flights. Respondents used one (or a combination) of a flight 
instruments (868, 52.1 %), paper or electronic logbooks (865, 52.0 %) online tools (577, 
34.7 %), or other means (113, 6.8 %). 
 
They were also asked how to indicate how their responses to the survey were generated, 
using a slider question of similar design to the risk question above (from 0, ‘from memory’ 
to 100, ‘from records’, Figure 4.15). The responses clustered around either extreme, which 
was also reflected in, for example, the hours data, in which responses tended to either be 








Figure 4.15 Density plot of how responses to the survey were generated (N = 1,344), from 





BHPA Accident Database comparison and calculation of incident rates 
Three-hundred and sixty-eight (22.2 %) of the respondents to the survey were members of 
the BHPA (in other words, pilots licensed by the British association). Their mean age was 
51.9 (11.1) years, the male:female ratio was 30:1 and they had been flying a median of 12 
years (IQR 5-21) and 373 hours (IQR 121-900). 
 
In 2019, they flew a median of 35 hours (IQR 16-70) and 41 flights (IQR 21-70) each, 
making a total of 18,452 hours in 20,382 flights. The majority flew throughout the year 
(214, 58.2 %), on EN-B wings (193, 52.4 %) and the median longest gap between flights 
was eight weeks (IQR 5-13). Eighteen (4.9 %) of BHPA members reported an incident, 
five (1.4 %) involving a hospital stay longer than 24 hours. Eighty-seven (23.6 %) reported 
near misses. In these parameters, the BHPA subset was similar to the rest of the cohort 
surveyed (BHPA members flew slightly fewer hours per year and were slightly older) and 
to BHPA membership data for the same time period. The exception was the considerably 
higher male-to-female ratio of the BHPA respondents, compared to the rest of the cohort 
and the BHPA membership data. 
 
If the activities of the BHPA respondents could be considered typical of BHPA members 
in general, then it could be estimated that the total hours flown by BHPA members in 2019 
was 188,475 hours in 218,903 flights. This was a considerable assumption, as the 368 
BHPA respondents only equated to 6.8 % of the 5,385 members of the BHPA in 2019. 
Nonetheless, in the accident database, there were a median of 3 (IQR 2.5-4.3) fatal injuries 
and 44 (IQR 40.3-58.8) serious injuries per year. The fatality rate would therefore be 1.6 
(1.3-2.3) deaths and 23.3 (21.4-31.2) serious injuries per 100,000 hours of paragliding; or 
1.4 (1.1-1.9) deaths and 20.1 (18.4-26.7) serious injuries per 100,000 flights amongst UK 




Based on the BHPA data and membership numbers, the median fatality rate in UK 
paragliding between 2012-2019 was calculated as 60 (IQR 47-81) per 100,000 pilots. 
Feletti et al. (71) using similar methodology, arrived at a total of 47.1 per 100,000 
participant-years. In 2010, the Divers Alert Network (DAN) took an analogous approach to 
recreational diving, using member numbers as a denominator, which suggested fatality 
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rates of between 14.4-16.4 per 100,000 divers (208). However, when paragliding or diving 
fatalities have been counted in locations where accurate participant numbers have been 
available, rates have been substantially lower. In Babadag in Turkey, the paragliding 
fatality rate was 7 per 100,000 (based on 242,355 flights counted between 2004-2011) 
(74). Equally, in Scapa Flow, in Orkney, the diving fatality rate was 4 per 100,000 (based 
on permits issued between 1999-2000) (209). These disparities illustrated the points made 
in the introduction, regarding the weakness of using association membership as a 
denominator in activities as varied as paragliding or diving. Association membership takes 
no account of either the volume, type or environment of the activity. It is one reason why, 
in aviation, fatality rates have been expressed not in terms of the number of pilots, but as 
flights, kilometres or hours flown.  
 
The survey data yielded a rate of 29 incidents leading to serious injury per 100,000 flights. 
However, the survey would not have captured incidents severe enough for a pilot to have 
left the sport midway through the year. Clearly, it could also not have included fatal 
incidents. Consequently, the flying activities reported by BHPA respondents to the survey 
were used as a denominator for the Accident Database data, which included mid-year 
reporting and fatalities. This yielded estimated fatality rates of 1.4 (1.1-1.9) deaths and 
20.1 (18.4-26.7) serious injuries per 100,000 flights amongst BHPA paraglider pilots. By 
comparison, the average for general aviation was 0.73 deaths and 11.2 serious injuries per 
100,000 flights between 2012-2016 in the UK, making paragliding approximately twice as 
risky (210). While the paragliding estimates clearly involved a number of significant 
assumptions, they have not been previously described in the literature, using activity rather 
than member numbers as a denominator. They therefore represented the first opportunity to 
compare the risks of paragliding against those of other forms of aviation. 
 
Currency 
There is a school of thought that pilots who fly regularly, building up hours while being 
acutely aware of risk, are less likely to be involved in incidents than those who fly rarely 
and perceive the sport to be very safe. In the Accident Database, uninjured pilots had 
higher total hours (and more hours in the previous six months) compared to injured pilots. 
This appeared to highlight the importance of currency and experience in avoiding injury, 
but it might also have been due to reporting bias (for example, if higher airtime pilots were 
more likely to report incidents in which they made mistakes, even if uninjured) or injured 
pilots’ flying seasons being curtailed. Intriguingly, in the survey data, the likelihood of 
reporting an incident or near miss increased fractionally for every additional hour flown 
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and reduced fractionally with every additional week’s gap between flights. This ran 
counter to the ‘currency’ model (‘the more flying, the safer the pilot’) and instead pointed 
to an exposure model (‘the more flying, the greater the exposure to risk’). It was also 
notable that with every %-point increase in perceived risk, the odds of having an incident 
or near miss were again fractionally increased by a factor of 1.013. However, this may also 
have been due the respondents who had experienced incidents during 2019 perceiving the 
risks of flying to be higher when being surveyed at the end of the year. 
 
Incident character 
In the Accident Database reports, the landing approach and landing were the flight phases 
most likely to lead to injury, followed by take-off and ridge soaring. These flight phases 
involve greater proximity to terrain, and higher pilot workloads than, for example, gliding 
in clear air. The most common glider instability that led to injury was asymmetric collapse. 
The majority of frontal collapses led to a cascading set of glider configurations, often with 
rotational components. This was mirrored in the survey responses where 30 % of the 
incident and near miss reports included a collapse. The results emphasised the importance 
of rotational forces and asymmetry in paragliding incidents, the necessity for pilots to train 
in the prevention and timely management of collapses, and for emergency equipment and 
procedures to be considered in that context (see Chapter 9). 
 
In the Accident Database (section 4.2.6), fatal injuries were predominantly those of the 
head and body, whereas serious and minor injuries were typically to the lumbar spine or 
limbs. The distribution of injuries likely reflected both the energy and the orientation of the 
impacts involved: if a pilot suspended in a harness were to impact vertically or with legs 
down, then the force would be transmitted up through the lower limbs, pelvis and back, 
with fractures at points of biomechanical vulnerability. The accuracy of the injury and 
impact reports in the Accident Database could not be independently verified, and some of 
the definitions raised questions such as ‘what constituted a “minor” internal injury?’. 
However, they were corroborated by the survey data, where isolated limb and spinal 
injuries were the most common serious injuries reported. Lower limb fractures, and 
compression fractures of the vertebrae at the junction of the thoracic and lumber spines 
(T12-L2) have also been reported in other canopy sports (211, 212). It was by no means a 
surprise that reserve parachutes were protective for injury (irrespective of the altitude at 
which they were deployed), which made it all the more striking that so few pilots who 
suffered serious or fatal injuries deployed them. These results were consistent with the 
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The overwhelming majority of reports in both the Accident Database and the survey 
alluded to some form of pilot error. As with the incident rates above, in an effort to make 
paragliding more comparable to other forms of aviation, these errors were grouped in the 
results using HFACS terminology. The Accident Database offered respondents a menu of 
error descriptors, as opposed to the free text fields used in the survey. As a result, some of 
the database descriptors potentially spanned several HFACS categories, depending on 
context: in particular, ‘inexperience’, ‘misjudgement of wind and weather’ and ‘traffic 
density’. ‘Inexperience’ could have been classified under physical and mental limitations 
or personal readiness, or even as a decision error if, knowing their own inexperience, the 
pilot committed to a course of action beyond their ability. Given the limited formal training 
available to paraglider pilots, and the lack of consistent mentoring, it was categorised 
under physical and mental limitations (corresponding to HFACS sub-descriptor 
‘inadequate experience for the complexity of the situation’). 
 
Paragliding, and particularly local flying (the source of the majority of the incidents), takes 
place on a micrometeorological scale. While pilots should consult the weather forecast, 
final judgements are made by observing the environment and ‘feeling’ the conditions. So, 
while misjudging the wind or weather could have been considered a perceptual error or an 
environmental factor, classifying it as a decision error ‘a deliberate and conscious… 
choice-based error’ (4) was judged most appropriate in the paragliding context. 
 
Finally, given the close proximity in which paragliders usually fly, ‘traffic density’ could 
be rooted in decision error (choosing to flying into a crowded area), skill-based error 
(failure to avoid another glider or the terrain), perceptual error (misjudgement of proximity 
to a glider or the terrain), or physical and mental limitations (cognitive overload). 
However, given that flying in a crowded environment is sometimes unavoidable to stay 
airborne, it was been classified under the physical (‘operational’) environment (4). 
 
Despite the differences between paragliding and other forms of aviation, and the 
shortcomings of self-reported paragliding data, the Accident Database results were similar 
to those from the survey and to those from past analyses of commercial and general 
aviation in the literature (Table 4.2) (194, 195).  
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Table 4.2. Comparison of paragliding errors to those from commercial and general 
aviation. Frequencies (percentages) of incidents that involved at least one instance of an 
HFACS category in the Accident Database and survey, alongside analyses from 
commercial and general aviation (194, 195). The paragliding data were self-classified, 
whereas the other three were classified independently. (As the incidents often included 
more than one causal factor, the percentages in the table do not add up to 100 %.) 
 
Error Accident  
Database 
n = 863 
Survey 
 
n = 480 
Commercial 
Aviation 










374 (36.7 %) 3,854 (29.7 %) 




576 (56.5 %) 11,433 (79.2 
%) 
Perceptual error 123 (14.3) 42 (8.8 %) 66 (6.5 %) 823 (5.7 %) 
Routine violation 79 (9.1 %) 27 (5.6 %) 236 (23.1 %)  
Adverse mental state 232 (26.9 
%) 
 66 (6.5 %)  
Adverse physical 
state 





 45 (4.4 %)  
Environmental 30 (3.5 %)  592 (58 %)  
 
Skill-based errors, in particular control input errors, were the most common. The higher 
number of decision errors and the lower number of violations in paragliding spoke to the 
greater responsibility placed on paraglider pilots to choose how, when and where it was 
appropriate to fly, as well as the lack of rules, regulations and procedures compared to 
other forms of aviation. The higher number of perceptual errors was again expected, given 
the reduced reliance on instrumentation in paragliding, though it was interesting to note 
that misjudgement of distance was also the most common perceptual error in general 
aviation (195). The difference in physical/mental limitations would be explained by the 
minimal amount of training in paragliding, and the decision to place the accident database 




In this chapter, BHPA contributions to the EHPU Accident Database between 2012-2019 
were reviewed and Cross Country readers’ flying activities were surveyed. The incident 
rates of paragliding were estimated as 1.4 (1.1-1.9) deaths and 20.1 (18.4-26.7) serious 
injuries per 100,000 flights amongst BHPA paraglider pilots, roughly double that of UK 
general aviation. It appeared that the exposure of flying regularly slightly outweighed the 
benefit of greater flying currency. Indeed, in the overwhelming majority of reports, pilot 
error rather than equipment malfunction proved to be the problem. The findings were 




Figure 4.16. Preconditions for unsafe acts, and unsafe acts (tiers 3 and 4 of the HFACS 
taxonomy) (4). 
 
The results highlighted the importance of decision and control-based errors, the prevalence 
of asymmetry and rotational forces in accidents and the repeated failure of pilots to throw 
their reserve parachutes when in jeopardy (perhaps a result of an unfavourable 
technological environment, or the condition of the operators, Figure 4.16). However, the 
lack of information regarding the effects of the physical and technological environments 
on the pilot and their equipment remained apparent and are the subject of the experiments 
that follow in the thesis.  
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Chapter 5. Experiment 1 - The Physical Demands of the Paragliding 
Flight Environment 
Published as Wilkes M, MacInnis MJ, Hawkes LA, Massey H, Eglin C, Tipton MJ. The 
physiology of paragliding flight at moderate and extreme altitudes. High Alt Med Biol. 
2018 Mar;19(1):42-5. We gratefully acknowledge the statistical advice of Dr Juliana 
Pugmire, University of Glasgow, and Dr Lucy Hawkes, University of Exeter, Dr Martin 
MacInnis, University of Calgary, the Red Bull SEARCH Projects and Flymaster in study 
design and execution. 
 
 
5.1. Introduction and approach 
Though described by some as an extreme ‘sport’, it has generally been assumed that 
paragliding would be unlikely to involve very high levels of physical exertion. However, 
flying can be an intense experience and anecdotally, pilots often report landing from long 
flights feeling utterly exhausted. Was that exhaustion similar to that of taking a long drive? 
Or was there something about paragliding that generated a disproportionate degree of 
physiological stress that, in turn, might be a source of pilot error? For example, the 
fatiguing effects of acute hypoxia, the constitutional symptoms of decompression illness 
(DCS), mild hypothermia, motion sickness or dehydration. The question was addressed 
through the five small, linked studies in this chapter and the simulator experiment that 
followed (chapter 7). 
 
The first step (Study 1) was to describe the ‘minimum’ cardiorespiratory demands and 
oxygen consumption of flying paragliders. Work from general aviation implied impacts on 
heart rate and ventilation in pilots flying above 2,500 m (5). So, experienced pilots, flying 
in warm, unchallenging conditions at these typical alpine altitudes (1,500-3,000 m) were 
specifically chosen for study. 
 
The next step was to establish how these task demands might change during emergency 
descent manoeuvres and acrobatics (Study 2), including measurement of the acceleration 
forces involved in these techniques. This built on work by Blok et al. (137) who reported G 
forces sufficient to cause loss of consciousness in spiral dives (see Chapter 2), and the 
analysis of U.K. incidents (Chapter 4) that emphasised the importance of rotational forces 
as a precursor to injury. 
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While the focus was on the lower altitudes flown by the majority of pilots, an attempt was 
also made to quantify how paragliding’s demands might change in more extreme 
environments (Study 3). As pilots climbed higher they would experience increasing 
hypoxia, falling environmental temperatures, and might even risk decompression illness 
from the rapid ascent (213). Given these mounting stressors, along with increased speed 
through less dense air, it was logical to suspect that susceptibility to error might increase 
with altitude (11). 
 
Expeditions to fly at the very extremes were and remain rare, so considerable effort was 
required to recruit suitable pilots. In Study 3, cardiorespiratory parameters were directly 
measured in two elite pilots flying above 6,000 m in the Karakorum. To put their 
experience in context, a case-study of Antoine Girard’s record-breaking flight to 8,157 m 
was made in Study 4. A prospective survey of paragliding’s closest cousins, sailplane 
pilots flying at an extreme altitude training camp in the United States, was also attempted 
twice (High altitude symptoms and oxygen use in glider pilots, SFEC 2017-094, Autumn 
2017 and 2018). Unfortunately, this was thwarted by poor weather, two years in a row and 
no usable data were obtained. 
 
Studies 1 and 3 found high heart rates at the point of take-off, similar to those described in 
skydivers and hang gliders in the literature presented in Chapter 2. Study 5 aimed to 
corroborate this finding with a larger sample size, using retrospective data from a flight 
instrument with a built-in heart rate monitor. 
 
5.2. Methods and definitions 
5.2.1. Definitions of flight phases 
For studies 1, 3 and 5 in this chapter, flights were manually divided into phases for 
analysis. The ‘Take-off’ phase was defined as the five minutes after becoming airborne 
(following the last recorded footfall, as measured by the Hexoskin accelerometer), and the 
‘Landing’ phase was the five minutes leading to touchdown (preceding first recorded 
footfall). 
 
‘Thermal’ climbs were defined as constant, sustained rises in altitude for more than five 
minutes and similarly, ‘glides’ as sustained falls in altitude for more than five minutes. The 
first climb after take-off or the final glide into landing were not used, as they posed distinct 
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challenges to pilots compared to those occurring mid-flight and would have been 
unrepresentative of the majority of the flight. 
 
5.2.2. General exclusion criteria 
Potential participants in all this chapter’s studies were excluded if they had sojourns to 
altitudes above 3,500 m of longer than 48 hours within the last three months (excluding 
commercial air travel), in case of prior acclimatisation; cigarette smoking, in case of 
polycythaemia, carboxyhaemoglobinaemia, respiratory dysfunction and reported resistance 
to the symptoms of hypoxia (214); recent blood donation in case of reduced oxygen 
carriage; lower respiratory tract infection within the preceding six weeks or symptomatic 
upper respiratory tract infection, in case of increased risk of hypoxia or inflammatory 
changes predisposing to physiological dysfunction. 
 
5.2.3. Data handling and reporting 
All data were imported into R Studio (Version 1.0.143, R Core Development Team, 
version 3.3.2), synchronised using custom R scripts on a 1 Hz time base, except for 
acceleration data which used a 64 Hz time base for higher resolution. Boxplots: boxes 
denote interquartile range (IQR), solid horizontal bars show median value and whiskers 
show data range (with individual values beyond 1.5 IQR plotted as single dots). Given the 
small sample sizes involved, we received specialist statistical advice from Dr Juliana 
Pugmire, University of Glasgow. 
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5.3. Study 1 - The minimum demands of paragliding flight 
 
5.3.1. Aim 
To quantify the ‘minimum’ cardiorespiratory task demands and oxygen consumption of 
flying paragliders in warm conditions at typical Alpine altitudes (1,500-3,000 m). 
 
5.3.2. Hypotheses 
1. The overall oxygen consumption of paragliding flight would be low (i.e. less than three 
Metabolic Equivalents (METS). 
2. Different phases of flight (for example, take-off and gliding) would exert varying 
physiological demands. 
3. The oxygen consumption of paragliding would be similar to that of flying unpressurised 
rotary-wing aircraft in the cruise phase, as measured by Hodkinson et al. (215) i.e. V̇O2 5-




Figure 5.1. Testing the study equipment, including the Metamax 3b in flight at 2,200 m 




The July 2017 Ozone Chabre Open paragliding competition in Laragne-Monteglin, 
Hautes-Alpes, France was used as the location for the study. The weather there tended to 
be consistent during spells of high pressure, meaning that study pilots flying on 
consecutive days experienced similar flight conditions (pressure, wind, thermal strength) 
and air temperature gradients of 20-10 °C at flying altitudes of 1,500-3,000m (Meteo 
Balise [Chabre]). Finally, the open, wide valleys and the presence of a large number of 
pilots ‘marking’ thermals along the flight path removed many of the anxieties inherent in 
cross-country flight.  
 
Sample selection 
The structure of the event allowed for one flight each day over distances of 65-85 km for 
four consecutive days, allowing for recruitment of four pilots (one flight each). The pilots 
chosen were all paragliding guides (Table 5.1), lowland-dwelling, of European origin. All 
had more than 500 flying hours, had flown in that area before, were comfortable in those 
conditions and were judged by the Competition Director as being capable of flying safely 
while wearing the bulky facemask of the Metamax 3b, following testing by this author 
(Figure 5.1). None of the participants took part in the competition. 
 
Table 5.1. Study 1 participant demographics (N = 4). Self-rated fitness 1-5 (1 = “Not at all 
fit”, 2 = “Not very fit”, 3 = “Moderately fit”, 4 = “Quite fit”, 5 = “Very fit”). 
 
Pilot Age Sex BMI Flying Hours Self-rated 
fitness (1-5) 
1 58 M 23.1 >3,000 3 
2 22 M 24.9 >800 2 
3 18 M 21.9 >500 4 
4 35 M 23.0 >500 3 
 
Study equipment and protocol 
Variables were measured using the Hexoskin system (HR, fR, acceleration), Metamax 3b 
(expired gas analysis) and the pilots’ own GPS-vario altimeters, as described in Chapter 3. 
The participants slept at an altitude of 735 m and baseline testing was conducted at this 
altitude between 8-9 am on the morning of their flights, following a light breakfast. Each 
participant then joined the rest of competition pilots to receive a briefing on the day’s flight 
task from the event director. The group ascended to the take-off (1,310 m) by car. The 
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participant prepared their own harness and glider, while the study equipment was 
assembled and calibrated. The pilot was assisted in donning the study equipment just prior 
to launch to avoid getting too hot. Following final checks (see Safety), the pilots were 
cleared to take-off at 1 pm +/- 30 minutes (timings varied slightly depending on conditions 
and launch order on the day). 
 
Safety 
All pilots used their own certified paragliding equipment (EN-B and EN-C), including 
helmets and reserve parachutes. A paramedic and ambulance were present on launch and 
all pilots wore SPOT Gen 3 GPS tracker-messengers (SPOT LLC, Covington, Louisiana). 
Dedicated retrieval drivers were available to pick up any participants who landed short of 
launch. Flights only took place when all participants, the Competition Director and this 
author were satisfied that launch conditions were appropriate. Participants’ equipment was 
checked by a second pilot prior to launch, in case the additional study equipment had 
proven a distraction during their preparations. 
 
Ethics 
The study protocol was approved by the University of Portsmouth Science Faculty Ethics 
Committee (ID SFEC 2017-051). Participants provided informed, written consent and 




Because of the small sample size, the non-parametric Kruskal-Wallis (inter-group) and 
Friedman (intra-group) tests were used, followed by Dunn's Test of Multiple Comparisons 
(with Holm correction) to compare values between flight phases. 
 
5.3.4. Results 
The study pilots flew a total of 9.3 flying hours (mean flight duration 142 (35) minutes) 
between 3-6 July 2017. Mean take-off temperatures were 30.1 (3.2) ºC (recorded by 






Figure 5.2. Study 1 cardiometabolic data (N = 4). Boxplots depict (A) V̇O2 (mL·kg-1·min-1, 
30 second average, corrected to STPD); (B) V̇CO2 (mL·kg-1·min-1, 30 second average, 
corrected to STPD); (C) Respiratory Exchange Ratio (RER, 30 second average); (D) HR 
(beats·min-1). Boxes denote interquartile range (IQR), solid horizontal bars show median 









Table 5.2. V̇O2, averaged over 30 seconds, at baseline and during the different phases of 
flight for each pilot (N = 4): uncorrected (raw) values, alongside values corrected to 
standard temperature and pressure dry (STPD) (see section 3.1.2). BL = baseline, TO = 
take-off, TH = thermal, GL = glide and LZ = landing phases. * denotes statistical 
significance between flight phases. 
 
Pilot Raw V̇O2 Mean (SD) 
mL·kg-1·min-1 
V̇O2 Mean (SD) at STPD 
mL·kg-1·min-1 






































































































Baseline oxygen consumption (STPD) was 3.1 (0.6) mL·kg-1·min-1. The mean V̇O2 was 
significantly higher in the take-off phase (7.9 (3.0) mL·kg-1·min-1) than at baseline (p = 
0.002, Figure 5.2 and Table 5.2); however, oxygen uptakes measured during thermal (4.5 
(1.1) mL·kg-1·min-1), glide (4.3 (1.2) mL·kg-1·min-1) and landing (5.2 (1.6) mL·kg-1·min-1) 
phases were not statistically significant from one another, baseline or take-off (Figure 5.2 
and Table 5.2). The overall energy expenditure of paragliding flight at moderate altitude by 
experienced pilots flying in warm, unchallenging conditions averaged (SD) 5.3 (1.7) 




Figure 5.3. Mean oxygen pulse (mL·kg-1·beat-1, 10 second average) in the take-off phase 
(black line) and during the remaining phases of their flights (dashed line) for comparison 
(N = 4). Shaded areas illustrate mean ± SD. 
 
Heart rates were highest during the take-off phase, with the mean HR in flight being 
statistically elevated compared to baseline (p = 0.005) but not the other phases. To indicate 
whether the high take-off HR reflected an increase in cardiac output, mean oxygen pulse 
(V̇O2 divided by HR, Figure 5.3), a surrogate of stroke volume (216) was calculated during 
take-off and compared to the mean oxygen pulse during the remaining phases of flight. 
Oxygen pulse was significantly elevated in the take-off phase (suggesting an increase in 
cardiac output) compared to during the remainder of the pilots’ flights (p < 0.001), through 














Figure 5.4. Boxplots depict (A) HR; (B) V̇E (L·min-1); (C) VT (mL·min-1) and (D) fR 
(breaths·min-1), 30 second averages, volumes corrected to BTPS. Heart rate provided for 
comparison (N = 4). Boxes denote interquartile range (IQR), solid horizontal bars show 
median value and whiskers show data range (with individual values beyond 1.5 IQR 
plotted as single dots). 
 
V̇E and fR were both significantly elevated during the take-off phase compared to baseline 





In 9.3 hours of paragliding flight, the overall V̇O2 of flying paragliders at moderate 
altitudes was approximately 1.5 (0.5) METS, an energy expenditure similar to driving a car 
(217). This supported hypothesis 1, that flying paragliders required minimal physical 
effort. While there may have been an element of postural (small muscle) fatigue, it was felt 
likely that exhaustion following a long paragliding flight occurred by similar mechanisms 
to tiredness following a long drive: a mix of cognitive fatigue and perceived, rather than 
actual physical exertion (218, 219). Flying in stressful, hypoxic, very cold or very hot 
conditions may increase the energy expenditure of flying paragliders from this measured 
‘baseline’ and is explored in the studies that follow (220-222). However, the minimum 
physical demands appeared similar to those proposed by Hodkinson et al. (215) for pilots 
flying unpressurised rotary aircraft during the cruise phase, establishing the first parallel 
between these two forms of aviation, and accepting hypothesis 3. 
 
Oxygen consumption, oxygen pulse, heart rates and ventilation were all significantly 
elevated during the take-off phase, compared to rest and to the other phases of flight, 




1. The overall oxygen consumption of paragliding flight would be low (i.e. less than three 
Metabolic Equivalents (METS). 
2. Different phases of flight (for example, take-off and gliding) would exert varying 
physiological demands. 
3. The oxygen consumption of paragliding would be similar to that of flying unpressurised 
rotary aircraft in the cruise phase, as measured by Hodkinson et al. (215) i.e. V̇O2 5-10 
ml·kg-1·min-1, heart rate 70-100 bpm, minute volume 10-20 L·min-1. 
 
The overall demands of flying paragliders in comfortable conditions at moderate altitudes 
(mean HR: 95 (18.6) bpm, METS: 1.5 (0.5)) were approximately equivalent to driving a 
car or piloting a helicopter in the cruise phase. The task demand of paragliding, considered 
in isolation, is unlikely to be a cause of pilot error except at take-off, when physiological 
parameters were elevated to an unanticipated degree (mean HR: 113 (21) bpm, METS: 2.6 
(0.86)).  
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5.4. Study 2 - Emergency descent, acrobatics and acceleration 
5.4.1. Aim 
To quantify the cardiorespiratory demands, oxygen consumption and acceleration forces of 
paragliding during emergency descent and acrobatic manoeuvres. 
 
5.4.2. Hypotheses 
1. Emergency descent and acrobatic manoeuvres would increase oxygen consumption and 
cardiorespiratory parameters beyond those measured in Study 1. 
2. Emergency descent and acrobatic manoeuvres would generate acceleration forces in multiple 
axes sufficient to cause loss of consciousness (G-LOC) in some pilots (specifically, Gz forces 




Doussard, at the southern end of Lake Annecy, France, was chosen as the location for the 
study. Pilots launched from Montmin (1,240 m), landing at the Doussard landing zone 
(460 m). The area was chosen so participants could fly directly over Lake Annecy from 
take-off. As there would be no thermals over water, this allowed the pilots to avoid any 
areas of lift to ensure consistent descent rates and, most importantly, offered them an 
element of protection should the manoeuvres have led to a loss of control and a crash 
landing. 
 
Sample selection and exclusion criteria 
Two professional pilots with extensive experience (> 1,000 flight hours) were selected 
(Table 5.3). They were highly competent in performing the required manoeuvres and 
judged capable of doing so safely while wearing the study equipment. Both are lowland 
dwelling, and of European origin.  
 
Table 5.3. Participant demographics (N = 2). 
 
Pilot Age Sex BMI Flying Hours Self-rated 
fitness 
1 31 M 24.1 > 1,000 3 




Study equipment and protocol 
Variables were measured using the Hexoskin system, Metamax 3b and the pilots’ own 
GPS-vario altimeters, as described in section 3.2. The manoeuvres were filmed using on-
board GoPro Hero 4 BLACK cameras (GoPro Inc., San Mateo, California) to assist with 
analysis. Baseline testing was conducted in Doussard (460 m) on the mornings of the 
pilots’ flights. The pilots then ascended to launch by car and prepared their own harnesses 
and gliders. Once the study equipment was calibrated, the pilots were assisted in donning 
and checking the study equipment just prior to launch. Following take-off, the pilots flew 
directly out over the lake (3-4 mins) before attempting the following manoeuvres (28) over 
the course of three flights each: 
1) Spiral dives (flight 1): the most important emergency descent technique, previously 
suggested as a potential cause of G-LOC (137). 
2) Wingovers (flight 2): an acrobatic figure-of-eight technique sometimes used for descent, 
generating acceleration forces in different distributions to spiral dives. 
3) Full stall (flight 3): an emergency technique to remove lines caught over the wing 
(‘cravats’, see Chapter 2). 
4) Infinite tumbles (flight 3): a falling ‘loop the loop’-style manoeuvre likely to generate 
maximal acceleration forces. 
 
 
Figure 5.5. Pilot 2, midway through a full stall (manoeuvre 3 on the list above) wearing 




The pilots used their own certified paragliding equipment, including sit-up acrobatic 
harnesses with twin reserve parachutes, and helmets. Flights only took place when the 
pilots and investigators were satisfied that conditions were appropriate. The Montmin take-
off had first aid trained launch marshals and a safety boat was positioned on the lake, in 
case of a water landing. The area around Doussard had one of the most experienced 
mountain trauma networks in the world, with the nearest Level 1 Trauma Centre just over 
an hour away by road. 
 
Ethics 
The study protocol was approved by the University of Portsmouth Science Faculty Ethics 
Committee (ID SFEC 2017-051). Participants provided informed, written consent and 
were asked to perform the manoeuvres as they normally would and not to make them more 
extreme for the sake of the studies. 
 
Statistical tests 
Because of the small sample size, the non-parametric Kruskal-Wallis (inter-group) and 
Friedman (intra-group) tests were used, followed by Dunn's Test of Multiple Comparisons 
(with Holm correction) to compare values between flight phases.  
 
5.4.4. Results 
The two pilots completed three flights each from Montmin, undertaking manoeuvres 
including three sets of spiral dives with target descent rates of 10 m·sec-1, two sets of 










Table 5.4. Peak acceleration forces and cardio-metabolic values (single breath) recorded 
during the various manoeuvres (N = 2): V̇O2 (mL·kg-1·min-1 at STPD), VT, (L·min-1 at 
BTPS), fR (breaths·min-1) and HR (beats·min-1). 
 
Manoeuvre Peak acceleration forces Peak cardio-metabolic demands 
 Gx Gy Gz V̇O2 VT fR HR 





Spiral Dive 1.92 -2.96 4.63 14 490 31 108 
Wingover 1.27 1.09 3.8 19 1680 26 110 
Full stall 2.63 0.17 0.90 17 2610 34 136 
Infinite 
Tumble 





Figure 5.6. 3-axis measurement of acceleration forces during an acrobatic sequence by 
Pilot 2. The pilot completes two entry manoeuvres, a ‘Mac Twist’ (MT, a strong spin after 
a deep spiral) and a ‘Reverse Helicopter’ (RH, a form of flat spin in the yaw axis) before a 








Figure 5.7. 3-axis measurement of acceleration forces during a spiral dive manoeuvre by a 
single pilot: Gx (dashed line), Gy (dotted line), Gz (solid line). 
 
5.4.5. Discussion 
In this study, oxygen consumption, cardiorespiratory variables and acceleration forces 
were measured during the most important paragliding descent manoeuvres, as well as 
during an acrobatic sequence to find the ‘maximum’ task demands (Table 5.4, Figure 5.6 
and Figure 5.7). 
 
Peak V̇O2 values were significantly higher (P < 0.001) for all manoeuvres when compared 
to baseline and level flight (Study 1), so hypothesis 1 was accepted. At their peak, they 
reached 7.4 METS, comparable to jogging on the spot (217). Recoveries between 
manoeuvres were rapid. The metabolic and ventilation values should be interpreted with 
considerable caution, as the pilots were observed to alter their breathing patterns when 
performing the manoeuvres. For example, in the spiral dives, the pilots could be seen 
panting in the video footage, likely in an attempt to combat the effects of the acceleration 
forces. Equally, in the wingovers, full stalls and infinite tumbles, the pilots took 
intermittent, high-volume breaths during the descent phases of the manoeuvres. The values 
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related to single breaths, as preferred practice of averaging these variables (as in study 1) 
was either not possible due to the short duration of the manoeuvres or potentially 
misleading given the irregular breathing patterns. 
 
The primary value of this study lay in its measurement of acceleration forces. The most 
significant forces were generated during the infinite tumble manoeuvre: Gx 3.94, Gy 2.34, 
Gz 6.69. Peak V̇O2 was 26 mL·kg-1·min-1. However, while the onset of acceleration was 
rapid, the peak forces were transient, lasting less than 1 second at a time.  
 
While a small proportion of pilots may regularly engage in acrobatic flight (see Chapter 4), 
the acceleration forces most relevant to the general flying population were the three spiral 
dives, sustained for 18, 39 and 47 seconds respectively, at approximately 10 m·s-1 of 
descent rate, which generated maximum accelerations of Gx 1.92, Gy -2.96, Gz 4.63, and 
peak V̇O2 of 14 mL·kg-1·min-1. The spiral dive is a key descent technique, particularly to 
escape being involuntarily ‘sucked’ into strong clouds (52, 57). It is an essential 
component of the paraglider pilot’s armoury. The sustained forces of 3-4 G in multiple 
axes supported hypothesis 2, that spiral dives could generate forces beyond the threshold 
where G-LOC might occur in some individuals (12, 223). While it is likely that most pilots 
are aware that spiral dives can generate significant forces, they often initiate dives at the 
end of a flight, or at times of stress. Pilots should therefore be made aware of the factors 
that could reduce their G tolerance, which include hypoxia, low blood glucose, infection, 
dehydration and time away from flying (12) and to emphasise training in techniques 
known to improve cerebral blood flow during high-G situations (224), such as those used 




1. Emergency descent and acrobatic manoeuvres would increase oxygen consumption and 
cardiorespiratory parameters beyond those measured in Study 1. 
2. Emergency descent and acrobatic manoeuvres would generate acceleration forces in multiple 
axes sufficient to cause loss of consciousness (G-LOC) in some pilots (specifically, Gz forces 
higher than + 2.7). 
 
Descent techniques and acrobatic manoeuvres were significantly more demanding than in 
level flight and achieved acceleration forces in multiple axes previously reported as 
sufficient to cause G-LOC in some individuals (12). Even bearing in mind the synergistic 
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effects of hypoxia and exercise, the increased oxygen consumption from these 
manoeuvres, though significant, was unlikely to be a cause of unsafe acts, unless making 
very long descents from the extremes of altitude with low ‘oxygen stores’ in the lungs’ 
functional residual capacities. Pilots should therefore be made aware of the factors that 
could reduce their G tolerance, which include hypoxia, low blood glucose, infection, 
dehydration and time away from flying (12) and to emphasise training in techniques 





5.5. Study 3 - Flying at the extremes: Red Bull SEARCH Project 
5.5.1. Background 
The first two studies were directly relevant to the majority of pilots flying at UK or alpine 
altitudes (< 3,000 m). However, a small proportion of pilots fly higher, particularly in the 
United States, the Himalaya and the Karakoram. It would be reasonable to suspect that the 
task demands of flying would increase at extreme altitudes, alongside the environmental 
demands. However, given the low metabolic demands recorded in Studies 1 and 2, it may 
be that the task demand would not increase significantly, as the pilots would still not be 
exercising heavily. For this reason, it was felt useful to explore the demands of flying at 
the extremes of altitude. 
 
5.5.2. Aim 
To quantify the cardiorespiratory demand of flying paragliders at extremes of altitude. 
 
5.5.3. Hypothesis 
1. Cardiorespiratory parameters would be elevated in pilots flying at higher altitudes compared to 




The study took place as part of the Red Bull SEARCH Projectsxxi paragliding expedition to 
the village of Hushe, Gilgit-Baltistan, Pakistan (3,048 m). Hushe is the last village on the 
road, 140 km east of Skardu. Masherbrum (7,821 m) is at the head of the valley and the 
surrounding Baltoro region contains many of the Karakoram’s highest peaks. Hushe has 
been the location for all the highest altitude paragliding flights of recent times. 
 
 
xxi Red Bull SEARCH Projects: https://www.searchprojects.net/ 
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Figure 5.8. Pilot 1 flying at 6,280m in the Hushe Valley on 13 July 2016. Note the logger 
of the pulse oximeter on his right forearm and the ALTOX oxygen system suspended on the 
right-hand side of the harness. 
 
Sample selection 
The two participants were self-selected professional paraglider pilots with > 2,000 flight 
hours each (Table 5.5). Both were lowland dwelling, ethnically European and had 
previously flown above 6,000 m in that region. Both were partially acclimatised: the first 
spent 14 days sleeping at 3,048 m and walking intermittently to 4,000 m prior to the 
recorded flights; the second pilot had more limited opportunity for acclimatisation. Neither 
were taking medication. 
 
Table 5.5. Participant demographics (N = 2). Self-rated fitness 1-5 (1= “Not at all fit”, 2 
= “Not very fit”, 3 = “Moderately fit”, 4 = “Quite fit”, 5 = “Very fit”). 
 
Pilot Age Sex BMI Self-rated fitness 
1 31 M 22.9 4 





Cardiorespiratory variables were measured using the Hexoskin system, as described in 
Chapter 3. The pilots and their basecamp manager, all based in mainland Europe, were 
trained on its use via a series of Skype calls. Data were stored on the Hexoskin loggers, 
backed up to an external hard drive via HxServices (Carre Technologies, v. 3.2) and then 
uploaded to the Hexoskin cloud server on returning to Europe. 
 
The pilots used ALTOX Mk1 (Summit Oxygen Ltd, Fleet, UK) supplementary oxygen 
systems on five of their six flights above 5,500 m. The systems were calibrated at sea level 
to deliver a dose of 53 mL of 100 % oxygen each breath via nasal cannulae, with a nominal 
triggering pressure of 2.5 cm·H2O. However, they were open systems, so the volume 
delivered also depended on the barometric pressure and whether the participants’ breathed 
through the mouth or nose. 
 
Blood oxygen saturation was measured using the Pulsox 300i (Konica Minolta, Tokyo, 
Japan) via an ear clip sensor (Envisen International, Bridge SpO2 Sensor, Hong Kong) at 1 
Hz (accurate to ± 2 % between SpO2 70-100 %). Data were downloaded using Visi-
Download (Stowood Scientific Instruments, Build 140715). 
 
For each of their flights, the pilots were asked to score symptoms on take-off and then 
recall symptoms experienced during the flight immediately on landing. The survey 
instrument (Appendix IV) was based on the Environmental Symptoms Questionnaire 
(ESQ) (225), with symptoms quantified on a visual analogue scale: headache, nausea, 
breathlessness, previous night’s sleep quality, energy levels, thermal comfort, decision 
making, coordination, reaction times, overall performance and confidence, along with the 
presence or absence of a cough. 
 
Ethics 
The study protocol was approved by the University of Exeter Research Ethics Committee 
(ID 2016/1433). Participants provided informed, written consent and were asked to fly as 
they normally would, not altering their flight plans for the studies. 
 
Safety 
All pilots used their own certified paragliding equipment (EN-C), including helmets and 
reserve parachutes. This was a very remote expedition at the extremes of the paragliding 
flight envelope in a politically sensitive location. Pilots had VHF radio contact with one-
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another and with the basecamp manager. Remote support was available via Whatsapp 
Messenger/VoIP (Whatsapp Inc, Mountain View, California) and satellite phone, with live 
tracking and SOS messaging via Garmin InReach (Garmin Ltd, Olathe, Kansas) 
communicators with GEOS support. 
 
Statistics 
Because of the small sample size, the non-parametric Kruskal-Wallis (inter-group) and 
Friedman (intra-group) tests were used, followed by Dunn's Test of Multiple Comparisons 
(with Holm correction) to compare values between flight phases. The two pilots in this 
study flew three flights each, whereas the four pilots in Study 1 only had the opportunity to 
fly one each. For the statistical tests that directly compared this study with the Study 1 
moderate altitude pilots, based on statistical advice, only one flight from each of the two 
pilots in this study (their flights to peak altitude) was included. In so doing, each of the six 




The pilots flew a total of 19.3 hours (mean flight duration 194 (52) minutes). Sleeping 
altitude was 3,048 m, mean flying altitude was 5,270 (780) m and peak altitude 7,458 m. 
The pilots did not monitor environmental temperature, but for reference the International 
Standard Atmosphere temperatures at 5,200 m and 7,500 m would have been -18 ºC and -




Figure 5.9. Boxplots depict (A) HR (beats.min-1); (B) V̇E (L·min-1); (C) VT (mL·min-1) and 
(D) fR (breaths·min-1) for two pilots, during six flights (BTPS). Boxes denote interquartile 
range (IQR), solid horizontal bars show median value and whiskers show data range (with 
individual values beyond 1.5 IQR plotted as single dots. 
 
As at moderate altitude, HR, V̇E, VT and fR were highest at take-off (Figure 5.9). 
Unfortunately, no baseline data were available for comparison in this group due to 
logistical constraints while on the expedition. The pilots’ pulse oximetry values were 
recorded as between 77 and 100 %; however, these data were extremely variable and, 
though perfusion to the ear was usually adequate, 74 % were discarded on inspection of 
quality flags indicating movement artefacts (27 % of data points), light ingress to the 
sensor (17 % of data points) and probe connection problems (23 % of data points). 
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On the symptom questionnaire, one pilot reported subjective worsening in energy levels 
(from 3/4 to 2/4), decision making (3/4 to 2/4), coordination and reaction times (3/4 to 1/4) 
in his highest flight only, during which he felt at his ‘coldest ever’ (peak altitude 7,458 m 
with supplemental oxygen above 5500 m). The other pilot reported exacerbation of 
existing nausea (from 2/4, to 1/4), breathlessness (3/4 to 2/4) and reduced energy levels 
(3/4 to 2/4) in his highest flight only (peak altitude 6,748 m, oxygen above 6,000 m). 
Neither pilot suffered a cough, and both rated their in-flight performances positively (all 
3/4). 
 
Extreme Altitude vs. Moderate Altitude (Study 1) 
In matched phases of flight, take-off, thermalling, gliding and landing, HR at extreme 
altitude were significantly higher than those in Study 1, flying at moderate altitude (p = 
0.048). However, while there was no significant difference in V̇E (p = 0.114) or VT (p = 
0.958) between the two groups, the elevation in respiratory frequencies in extreme altitude 
pilots compared to moderate altitude pilots approached significance (p = 0.058). 
 
5.5.6. Discussion 
This was a limited study in a very challenging environment. The pilots were operating at 
the edge of the flying envelope and faced many logistical challenges, evidenced by a lack 
of baseline measurements and the poor quality of the pulse oximetry data. Pulse oximetry 
was challenging in the pilots: standard finger probes were affected by reduced perfusion, 
as the pilot flies with shoulders and elbows flexed above the heart. Likewise, probes 
attached to the toes tended to fall off during the take-off run, leaving ear probes as the best 
option for a study of this kind. Though perfusion was adequate, the ear probes still proved 
too prone to movement and other artefacts in this study. Equally, it was difficult to be 
certain of alveolar oxygenation when the pilots used open supplementary oxygen systems 
filled with gas from an industrial source in a developing country. 
 
In so far as can be surmised though, flying at extreme altitude had a higher task demand 
than flying at moderate altitudes, supporting the hypothesis. The demand did not appear to 
be substantially increased. However the margins for error may have been reduced, such 
that any additional oxygen requirements, for example from shivering, could have led to 
impairment (191). 
 
One intriguing finding was the elevation in respiratory frequency seen in the extreme 
altitude pilots. A review by Tipton et al. (2017) commented that the increase in minute 
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ventilation seen following a variety of stressors, including altitude and cold, can be 
achieved by an increase in either tidal volume or respiratory frequency. Increasing 
respiratory frequency is a less ‘efficient’ means of increasing alveolar ventilation than 
increasing depth, because a higher proportion of fresh gas remains in the anatomical dead 
space. It was therefore notable that the study pilots appeared to increase respiratory 
frequency rather than tidal volume during flights at extreme altitudes, in comparison to 
those in Study 1. It would be unwise to generalise with a sample of only two; however, if 
this was a finding common to all paraglider pilots flying at extreme altitude then it would 
have implications for oxygen system design: pulsed dose systems are more effective at 
increasing alveolar oxygenation in those with increased respiratory frequency in hypoxia, 
whereas continuous flow systems work better for those with predominantly increased tidal 




Cardiorespiratory parameters would be elevated in pilots flying at higher altitudes 
compared to those in Study 1. 
 
In a study of cardio-ventilatory parameters in two pilots flying above 6,000 m, the task 
demand of paragliding increased at the extremes, even with supplementary oxygen, but not 
substantially so. Their margins for error may have been reduced, however. The particular 
respiratory patterns recorded implied that pulsed-dose oxygen systems might be more 




5.6. Study 4 - Case Study 8,157 m: the paragliding altitude record 
 
5.6.1. Introduction 
Only a few pilots have flown at the extremes. In such an environment, acclimatisation, 
oxygen use, fear and exhaustion all confound study. To place the findings of Study 3 in 
context, as well as to consider the role of these factors in the achievement, a case study of 
the paragliding altitude record expedition was conducted. This included a tracklog analysis 




Figure 5.10. Antoine Girard, on his altitude record-breaking flight to 8,157 m over Broad 
Peak, in Pakistan’s Karakorum mountains. (Photo: Antoine Girard, with permission.) 
 
5.6.2. Background to the expedition 
In July 2016, 35-year-old paraglider pilot and mountaineer Antoine Girard attempted a 
1,240 km self-supported journey through the mountains of the Karakorum by foot and 
paraglider (51). On his penultimate flight on 23 July, he reached an altitude of 8,157 m 
without supplementary oxygen (Figure 5.10). He had only one oxygen bottle for the whole 
trip and failed to connect it correctly on the day of his record. 
 
 113 
At 8,157 m, the barometric pressure is 37 kPa and the ISA temperature is -38 °C (199). 
Immediate exposure to that environment would be associated with acute hypoxia, 
hyperventilation, hypocapnoea and decompression sickness (58, 226) and a time of useful 
consciousness of 3-5 minutes (227). However, as discussed in the introduction, 
paragliding’s timescale is unique: it follows neither the slow ascent of mountaineers, nor 




The GPS positions and altitudes during Girard’s flights in three the months prior to his 
Karakorum trip, in addition to those of 1-23 July 2016, were recorded on a SYS’Nav GPS-
varioaltimeter (v.3.16, Syride, Esternay, France) sampling at 1 Hzxxii. These were imported 
as .kml files into R (R Core Development Team, version 3.3.2) for analysis. 
 
Interview 
Girard was also interviewedxxiii on 2 August 2016, 12 days following the flight, using the 
survey instrument in Appendix IV as a prompt. 
 
5.6.4. Case study report 
Background 
Girard is ethnically European, a non-smoker, was taking no medication and had no past 
medical history or intercurrent illness. He had climbed K2 (8,611 m) without oxygen in 
2006. In the three months before leaving for the Karakorum, Girard flew above 2,000 m 
four times, to a maximum altitude of 2,895 m.  
 
Hushe: 1-6 July 2016 
Arriving in Pakistan, Girard spent 1-6 July in the village of Hushe (3,048 m), flying once 
to a peak altitude of 5,978 m. He flew a conventional, commercially available paraglider 
and semi-recumbent pod harness.xxiv 
 
 
xxii Data courtesy of Antoine Girard. 
xxiii English-French translation by Dr Mathieu Vershave-Keysers, a French physician and 
paraglider pilot. 
xxiv Gin Sprint Evo (EN-B) and Kortel Kolibri. 
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Lead up to the record flight: 7-22 July 2016 
On 7 July, Girard began his journey. He slept at altitudes of around 4,000 m and flew 11 
more times before 23 July, spending the bulk of his time in the air at altitudes around 4,500 
m (Figure 5.11). 
 
Figure 5.11. Histogram of flight time (hours) by altitude (m) from the 12 flights of 1-22 
July 2016. Mean altitude 4,494 m, maximum altitude 6,397 m. 
 
The altitude record flight: 23 July 2016 
 
 
Figure 5.12. Three-dimensional map of the Karakorum, Pakistan, depicting Girard’s flight 










Figure 5.14. Histogram of flight time (mins) by altitude (m) from the record flight to 8,157. 
Mean altitude 6,127 m, maximum altitude 8,157 m. Girard spent 34 mins within 1 SD of 
peak altitude and 13 mins within 0.5 SD. 
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Between 21-22 July, Girard had camped at 4,715 m at the mouth of the Baltoro Glacier, 
waiting for a break in the weather. Taking off at 11:19 am on 23 July, he flew up the 
Baltoro to where it joins the Godwin-Austen glacier, then crossed to Broad Peak (Figure 
5.12). The top of the clouds lay below the summit, but Girard used the dynamic lift 
reflected from the mountain face to soar up to, then above the summit at a maximum 
altitude of 8,157 m (Figure 5.13). As mentioned above, he was not using oxygen: though 
he had a system with him, he had failed to connect the regulator correctly to the tank, and 
it came loose immediately on take-off. Girard spent 7.5 minutes above 8,000 m, before 






During the flight 
 
 
Figure 5.15. Symptoms before and during his flight, as recalled by Girard 12 days later. 
 
Girard recalled that he slept poorly the night before the flight but was otherwise feeling 
well (Figure 5.15). At peak altitudes, he felt ‘moderately impaired’, monitoring himself 
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with mental arithmetic, but was most troubled by fear and by the cold, sustaining frostbite 
to his right thumb.  
 
5.6.5. Discussion 
Girard’s success was likely to be multifactorial, and with limited evidence and a sample of 
one, it would be imprudent to draw firm conclusions. Indeed, the value of this case study is 
in demonstrating the issues inherent in parsing the individual contributions of 
acclimatisation, task demand, learned skills and genetic predisposition to success under 
environmental stress in individuals. These concepts are explored further in Chapters 7 and 
10. 
 
Girard had 22 days of flying and trekking above 3,000 m to acclimatise before his record-
breaking flight over Broad Peak. He spent most of that time around 4,000 m altitude. 
Acclimatisation from trekking at altitude is, of course, well documented. However, the 
acclimatising effects of paragliding have never been measured and it is still unclear 
whether the repeated, brief changes in altitude during flight would have offered an 
equivalent stimulus to acclimatisation (181, 228-230). However, 22 days is still a relatively 
short time for someone to acclimatise for an 8,000 m peak without oxygen. For context, 
most mountaineering itineraries for 8,000 m peaks are 30-60 days, with mountaineers 
completing several acclimatisation climbs (‘rotations’) to prepare for their summit push. 
Eight thousand meter mountaineers often have high levels of baseline fitness, but they can 
still expect to increase their submaximal exercise tolerance through gradual 
acclimatisation, even if maximal V̇O2 is reduced at altitude (231). While acclimatisation 
undoubtedly played a role, it was unlikely to be the sole explanation for Girard’s success. 
 
In a review of cognitive performance in exercise and hypoxia, Ando et al. (232) proposed 
that performance was dependent on the interaction between exercise intensity and duration, 
and hypoxia severity and duration. Studies 1 and 3 implied that paragliding at extremes of 
altitude increased task demand, but not by a substantial amount, and from a relatively low 
baseline. (This contrasted with extreme altitude mountaineering. In a study of trained 
mountaineers climbing a 6,170 m mountain the Karakoram (233), participants were 
estimated to have spent 83 % of summit day with a V̇O2 > 15 mL·kg-1·min-1 and 15 % of 




When considering a particular individual performing a complex but familiar task under 
environmental stress, it is hard to quantify the degree to which learned skills and 
experience masked impairment. However, Girard described himself as ‘moderately 
impaired’, reported breathlessness and the fact that despite having an oxygen system with 
him, he failed to connect it correctly at the start of the flight. Finally, Girard may have had 
genetic and physiological adaptations (for example, related to the hypoxic ventilatory 
response) offering performance advantages over others facing the same stress (234). 
 
Despite this complexity, some of these questions could be addressed experimentally. The 
exercise demands of paragliding were measured in Studies 1-3. Girard could be assessed 
for evidence of acclimatisation capacity, for example changes in cardiorespiratory 
hysteresis or red cell mass (235). His hypoxic ventilatory response could be quantified 
(236). Novel and familiar tasks could be alternated to assess the value of his learned skills 
under environmental stress. However, intra- and inter-individual variability might 




Girard’s success was likely to be multifactorial, with contributions from acclimatisation, 
task demand, learned skills, experience and genetics.  The case also highlighted that while 
supplementary oxygen might be desirable at times, the additional complications inherent in 
setting it up (particularly in the context of pre-existing hypoxia) may lead to system failure. 
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5.7. Study 5 - Heart rate in context: Flymaster Heart-G 
 
5.7.1. Introduction 
In Studies 1 and 3, unexpectedly high heart rates were recorded during the take-off phase. 
To a spectator, paragliding may seem like a terrifying run off a cliff, followed by sitting in 
a deckchair with a pleasant view. In fact, take-off is usually a gentler process: the pilot first 
uses the wind to launch the wing into the air above them, then takes a few steps forward 
and is lifted off the ground (rather than falling). Take-off may be a source of anxiety for 
beginners, and experienced pilots may feel a social pressure to succeed as fellow pilots are 
often watching and there is a keen incentive to launch cleanly. As discussed in Chapter 2, 
Filaire et al. reported a pre-flight increase in salivary cortisol in ten elite paraglider pilots 
(121), but this was in the context of a competition. Calsamiglia et al. (120) recorded high 
heart rates in hang glider pilots at take-off, but launching a hang glider is often more 
‘dramatic’ than a paraglider. When relayed to ordinary pilots who flew paragliders for 
pleasure, the spikes in heart rate at take-off seen in Studies 1 and 3 were surprising. 
 
Conscious of the small sample sizes in these studies, a search was made for data from other 
sources that might support or refute these findings. A paragliding manufacturer, Flymaster 
Avionics Lda. (São João da Madeira, Portugal) had previously made an alti-variometer 
called the ‘Heart-G’, which recorded heart rate using a chest strap, at the same time as 
altitude and GPS position. Pilots who bought the instrument were able to publicly share 
their heartrate data, alongside the usual data from their flight, on the Flymaster Livexxv 
database. The instrument was not a commercial success and its uptake in the flying 
community was limited. However, Flymaster kindly agreed to share their Heart-G logs for 
corroboration of the data in Studies 1 and 3. 
 
5.7.2. Aim 
To use the data from a larger, unselected group of pilots using the Flymaster Heart-G alti-
variometer with integrated heart rate monitoring, to investigate the finding from Studies 1 
and 3 that heart rates were elevated to an unexpected degree during the take-off phase. 
 
5.7.3. Hypothesis 
1. Heart rates would be elevated at the point of launch. 
 





The Flymaster Heart-G instrument logged altitude, GPS position, three-axis 
accelerometery (0 -16 g, 4 mg resolution) and heart rate (chest strap sensor with RF 
interface), matched at a 1 Hz resolution. The HR measuring range was 40-240 bpm 
according to the technical specification, but no validation data were available. The results 
were compared to those of studies 1 and 3 using a custom R script (R Core Development 
Team, version 3.3.2). Data from the manoeuvres group of Study 2 were not included in this 
comparison, as their short, focussed flights followed a very different course over the first 
five minutes, and their acrobatic paragliders had different launch characteristics to normal 
wings. 
 
Data from Flymaster Live were downloaded on 23 January 2017. The download yielded 
224 flights with heart rate data from 35 pilots. The data were manually screened for quality 
and completeness, leaving 135 flights from 18 pilots. Finally, all flights shorter than 20 
minutes duration were excluded, removing those flights where the pilots took off and 
glided straight to landing (‘top-to-bottom flights’). All flights with acceleration forces 
higher than ± 2 G in the first five minutes were also removed to exclude acrobatic flights. 
The aim of these two exclusions were to make the Flymaster flights most comparable to 
the cross-country flying of studies 1 and 3. This left 81 flights from 17 pilots. 
 
Ethics 
Advice sought from the University of Exeter Research Ethics Committee chairman 
indicated that a formal application for ethical review was not required, as the logs had been 
voluntarily uploaded by individual pilots into the public domain. As the data were typically 
associated with pilots’ online profiles, the manufacturers were asked to anonymise them 
for the purposes of this study.  
 
5.7.5. Results 
The 17 pilots (mean age 44.3, range 29-62 years) flew a total of 138 flying hours (mean 
duration 157 (103) mins). Median (IQR) and maximum flying altitudes were 1,579 (871-




Figure 5.16. Mean HR in the 5 minutes following take-off (last recorded footfall) from 
Flymaster cloud data (N = 17, solid line), Study 1 (moderate altitude, N = 4, dotted line) 
and Study 3 (extreme altitude, N = 2, dashed line). Shaded areas indicate +/- 1 SD. 
 
The results from the Flymaster group followed a similar course to those of the moderate 
and extreme altitude pilots (Figure 5.16). With heart rate recorded on a 1 Hz time base, the 
highest HR were in the minute following take-off before settling during the remainder of 
the take-off phase.  
 
5.7.6. Discussion 
The heart rate data from 17 Flymaster Heart-G pilots were comparable to those of the six 
pilots in Studies 1 and 3. All 23 had heart rates above 140 beats.min-1 at the point of take-
off. HR settled rapidly over the first 90 seconds, but still hadn’t dropped below 100 
beats.min-1 five minutes into the flight. This supported the hypothesis. 
 
The study was approached mindful of the CRISP-DM framework for data mining and the 
pitfalls of using retrospective cloud data (237, 238). The Flymaster data was retrospective 
and unselected. The pilots were of unknown skill level and reporting bias could not be 
controlled (for example, it might have been that pilots only chose to upload flight logs 
where their heart rates were high). However, the similarity in HR patterns between the 
Flymaster group and those pilots in Studies 1 and 3 was striking and did appear to support 
the previous studies’ findings. Heart rates were highest in the Flymaster group, perhaps 
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reflecting differences in experience between those pilots and the professionals of Studies 1 
and 3. The pilots of Study 3 (extreme altitude) had the second-highest values followed by 
those at moderate altitude. This, again, was explicable, as the less dense air would have 
necessitated a faster take-off run in addition to the physiological stresses of hypobaric 
hypoxia.  
 
As discussed in Chapter 2, studies of novice and experienced skydivers have demonstrated 
similar increases in heart rate, as well as cortisol levels, in anticipation of jumping (124-
127). The initial elevation did not appear to habituate with experience and, even though 
experienced jumpers may have reported less anxiety than novices, the physiological 
responses to skydiving did not appear to change (though the derangements did settle faster 
with experience) (119, 124). Furthermore, the sympathetic activation appeared to affect 
cognitive performance: reported deficits in novices included digit span, logical reasoning 
test accuracy, speed of letter search and visuo-spatial performance just prior to boarding 
the aircraft for the first jump (125) and a narrowing of attention (128). In one example, 
Leach and Griffith (2008) (132) tested novice and more experienced jumpers (more than 
40 jumps) at baseline, just prior to exiting the aircraft and on landing, alongside a group of 
controls, using the operation word-span task and HR to reflect sympathetic activation. 
They found that both novices and more experienced jumpers displayed equivalent 
increases in heart rate, associated with significant impairments in working memory storage 
and processing capacities prior to jumping. The more experienced group recovered 
working memory storage capacity on landing, but it remained impaired in novices. The 
authors concluded that cognitive processing may have been slowing down during these 
sympathetically activated states, but there might also have been disruption of executive 
function and access to long-term memory. 
 
However, the studies also did not adequately account for experience or hypoxia (see 
Chapter 2, and Chapter 10 for further discussion). Therefore, the conclusions of this, and 
other similar studies should be interpreted with caution. Nonetheless, the real-world 
consequences of such cognitive impairment in skydivers may have been reflected in ‘no-
pull fatalities’, where even skydivers with more than 2,000 jumps failed to deploy their 
reserve parachutes when their mains have failed (65, 132, 239). Most skydivers now jump 
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with automatic activation devices (AAD)xxvi which trigger deployment of reserve 
parachutes if still travelling above a set speed, below a set altitude. However, in an analysis 
of 241 skydiving (sport parachuting) fatalities from 1993-1999 (239), before AADs 
became commonplace, 42 % of deaths were attributed to incorrect procedures, no pull or 
low pull. 
 
Beyond skydiving, a meta-analysis by Shields et al. (240) including 6,216 participants 
concluded that while increased stress is associated with increased cortisol, cortisol levels 
do not directly correlate with encoding of memory. Rather, the effects of stress on memory 
are likely contextual, where both the timing and the nature of the stress can either impair or 
enhance encoding (240). Cognitive impairment under stress has also been explored on a 
neurochemical level, where high levels of catecholamine release, instigated by the 
amygdala, can impair the function of the pre-frontal cortex (241, 242). This potential 
mechanism is discussed in detail in Chapter 10. 
 
When viewed in this context, the finding of high heart rates in paraglider pilots at take-off, 
seen across three separate groups and measured with two different systems, is potentially 
significant as a source of error. A high proportion of paragliding accidents occur during 
take-off (see Chapter 2 and 4). If a similar process of anticipatory sympathetic activation is 
occurring in paraglider pilots as in skydivers, even experienced paraglider pilots may 
benefit from relaxation exercises prior to launch (243, 244) and pre-flight checklists to 
mitigate potential deficits in working memory (245). However, given the heterogeneity of 
the participants in the skydiving studies, more work is required to understand to whom 
exactly this might apply (see Chapter 10). 
 
More pertinently, paragliding accident investigations have repeatedly described instances 
where paraglider pilots of all levels have failed to throw their reserve parachutes in 
situations where they might have been potentially life-saving (2). It would be logical to 
assume that paraglider pilots in emergency situations had high levels of sympathetic 
activation. Stress-induced cognitive impairment may have been at the root of an apparent 
inability to access reserve drills from long-term memory, or to make the ‘inhibitory’ 
 
xxvi For example, the CYPRES (Cybernetic Parachute Release System), Airtec GmbH & 
Co.KG Safety Systems, Bad Wünnenberg, Germany. 
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cognitive switch of stopping trying to fix the main wing and throwing the reserve. This is 




Heart rates would be elevated at the point of launch. 
 
The heart rate data from 17 Flymaster Heart-G pilots were comparable to those of the six 
pilots in Studies 1 and 3, indicating that HR, even allowing for anxiety, was unexpectedly 
high during the paragliding take-off phase. If this apparent sympathetic activation was 
similar to that seen in skydivers, then it might result in impairment of working memory 
and ability to access life-saving safety procedures.  
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5.8. Summary 
The aims of the work presented in Chapter 5 were to 1) characterise the task demand of 
paragliding flight and its environment; 2) consider whether these could affect the physical 
state of the pilot as a potential precondition for unsafe acts; 3) compare the task demand of 
paragliding to other forms of aviation. 
 
Data gathered from 211 hours of paragliding flight, by 26 pilots flying at moderate and 
extreme altitudes, and during emergency and acrobatic manoeuvres were analysed. Key 
findings were 1) the low energy expenditure of flying paragliders at moderate altitudes 
(mean 1.5 (SD 0.5) METs); 2) elevated physiological parameters during the take-off phase; 
3) acceleration forces during manoeuvres sufficient to cause loss of consciousness in some 
pilots. 
 
Within the imitated scope of the studies, it appeared that the physiological challenges of 
flying in the paragliding environment were unlikely to be a primary source of error. 
However, pilots may be more vulnerable during the take-off phase, during emergency 
descent and acrobatic manoeuvres and at times of stress. Pilots may benefit from checklists 
at take-off to mitigate deficits in working memory. Margins for error may further be 






Figure 5.17. The view over the summit of Mont Blanc at 5,200 m, looking south towards 
Italy, the day after landing was banned (photo: author). 
 
Two years after this study was conducted, on 26 June 2019, over 150 paraglider pilots 
were able to land on the summit of Mont Blanc (4,810 m, Figure 5.17) on a single 
afternoon (246). The combination of high pressure, and a heatwave throughout France 
generated thermal climbs to 5,800 m altitude. Though landing was technically 
straightforward, when the (mostly unacclimatised and ill-equipped) pilots attempted to take 
off again, chaos ensued. The increased oxygen demand of the take-off run, combined with 
the higher take-off speeds required at altitude led to apparent decompensation amongst 
some pilots including breathlessness and incoordination. Some were unable to take-off, 
others stumbled, one fell to his death. Top landing on Mont Blanc was subsequently 
banned. It was a depressing illustration of the findings of this chapter: paragliding may 
require little oxygen but at extreme altitude reserves are low, the margins of safety are 




Chapter 6. Developing the Paragliding Flight Simulator 
We gratefully acknowledge the assistance of Geoff Long and Dr Ted Turnbull, University 
of Portsmouth and Andy Gilbert of Paraflysim in developing the simulator. 
 
6.1. Rationale for investigating cognition in the paragliding flight environment 
In the previous chapter, it was concluded that cardiorespiratory demands of the paragliding 
flight environment did not appear sufficient to cause detectable physical impairment. 
Powered aviation is equally physically undemanding but supplementary oxygen is still 
mandatory if flying for longer than 30 minutes above 3,048 m, or above 3,962 m for any 
period of time, to maintain cognitive performance (30). Symptoms of aviation hypoxia 
have been identified below 3,048 m in helicopter crews (190, 191). These oxygen 
regulations do not apply to paragliders, nor were they formulated with the additional 
environmental stressors of paragliding (as opposed to enclosed) flight in mind. Other 
stressors, cold in particular, might be synergistic with hypoxia in reducing cognitive 
performance, potentially through direct effects on neurophysiological function ((11), see 
also Chapter 10). 
 
Paragliders would have the capacity to carry supplementary oxygen in flight without 
affecting the handling of their craft. Indeed, supplementary oxygen has been used 
successfully by paraglider pilots flying around Sun Valley, Idaho and in Pakistan’s 
Karakorum mountains, where typical flight altitudes are 4,500-7,000 m. However, oxygen 
has rarely been used at lower altitudes, even in cognitively demanding situations such as 
paragliding competition, where up to 150 high-performance paragliders might be flying in 
close proximity. The additional environmental stressors of paragliding flight beyond those 
of enclosed powered aviation begged the question of whether paraglider pilots might 
experience cognitive decrements at altitudes lower than general aviation pilots. 
 
6.2. Rationale for simulated rather than live flight 
Initially, the most attractive way to approach this question (in terms of ecological validity) 
was a study in live flight. While it would have been clearly unethical to induce 
impairments in pilots during live flight, an approach based on exclusion might have been 
possible (in other words, removing a potential source of impairment then looking for a gain 
in performance). For example, half of a group of pilots could have been supplied with 
supplementary oxygen sufficient to negate moderate hypoxia, the other half with a sham 
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cylinder, then their actual and perceived abilities to complete a cross-country flying task 
compared. 
 
However, flying a paraglider across country would have been challenging to standardise. 
Altitude exposures would have varied across the different groups. Performance in flight 
would also have been pilot-interdependent: how others flew would have affected the rest of 
the group’s decisions. (However, if the pilots were launched at intervals so they couldn’t 
cooperate, each would have experienced different micrometeorological conditions en 
route.) Most importantly, any differences in flying ability, as well as luck on the day, 
might easily have dwarfed any effects of hypoxia or cold. While this approach could still 
have worked, if done on a large enough scale over a long enough period of time, it would 
have been beyond the resources of this PhD. 
 
The next thought was to apply a standardised battery of cognitive tests in live flight, which 
would have negated differences in flying ability and challenged all participants equally. 
However, while attempting to complete tests in flight, a participant might have found 
themselves partially focussed on the tests, and partially focussed on controlling their 
paraglider. Such a situation would have been inaccurate at best and fatal at worst. Testing 
tandem passengers would also have been a possibility, but being a passenger is not the 
same as being a pilot: the position would have been different, a tandem wing flies 
differently and it would have been hard to get a sample of sufficient size. 
 
Given the potential confounders of intra- and inter-individual variability, including 
variations in flying ability, pilot interdependency, luck on the day, reproducibility of 
conditions and the ethics of live-flight testing described above, it was eventually conceded 
that testing would need to take place in a simulated environment. To realise this goal, the 
world’s first paragliding environment simulator was created. Given its novelty, brief 
details of the initial, immersive designs are described below, even though it eventually 
evolved to simulate environmental stressors only. 
 
6.3. Simulator components 
6.3.1. What makes a simulator? 
Simulation has been long recognised as a valuable component of general and commercial 
aviation training (247). A generic simulator will consist of a system of pilot inputs (for 
example, a yoke and pedals), a processor containing a model of aircraft and environmental 
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behaviour, and a series of outputs which may be visual, auditory, mechanical or a 
combination of the three. 
 
Visual outputs draw on a database of computer-generated terrain and objects, based on 
fractals and displayed as tessellating triangles and polygons at the appropriate perspective 
relative to the pilot. Variations in texture are crucial to inducing feelings of movement. The 
terrain is then displayed on a flat screen, virtual reality headset or, in the more 
sophisticated systems, arrays of concave mirrors and lenses to create the most realistic 
impressions of depth of field. To produce a sensation of unbroken motion, a visual system 
must have a framerate (‘refresh rate’) of at least 30 Hz (ideally 50 Hz or greater), 
demanding considerable graphics processing power (248). As a result, graphics models 
require skilful optimisation, for example by using varying levels of detail depending on 
distance and perspective, texture mapping, avoiding duplication and compressing as much 
detail as possible into single polygons (249). 
 
Motion is usually mimicked using ‘acceleration-onset cueing’: the simulator delivers an 
initial acceleration in an appropriate axis then gently returns to a neutral position (‘washout 
phase’), ready for the next acceleration (248). More sustained acceleration can be 
simulated using graduated changes in pitch (250). The number of axes of motion simulated 
is referred to as the simulator’s degrees of freedom (DoF), where six DoF equates to 
forward/back, up/down, left/right, roll, pitch and yaw accelerations. 
 
The value of a motion system in simulation is task-specific, but accurately-timed motion 
can make the experience more immersive, elicit more realistic pilot behaviour and reduce 
simulator sickness (251). Whether this translates into improved learning is debated, and 
motion may be more important for novice fliers than experts (251). Equally, motion with 
high latency (a long delay between simulated inputs and outputs), poorly synchronised 
with the other outputs (‘cue asynchrony’) can be worse than no motion at all (248, 251, 
252). 
 
The most sophisticated Full Flight Simulators (those rated Level D by the Federal Aviation 
Administration) must have a high-fidelity aerodynamic model with low latency, a motion 
platform with six DoF, high resolution terrain, an outside-world horizontal field of view of 




6.3.2. Creating a visual paragliding simulation 
The initial approach was to use a virtual reality headset to give a feeling of flight that was 
sufficiently immersive to embed tests of cognitive performance within the simulation. The 
HTC Vive Pro headset (HTC Corporation, New Taipei City, Taiwan) was chosen, as it 
could achieve a 110 º horizontal field of view with a framerate of up to 90 Hz. Also, its 
low physical profile meant that it would interfere less with the sensation of wind on 
participants’ faces. Given its planned use in the environmental chamber, informal cold 
testing of its performance was also conducted: the headset could still produce a satisfactory 
framerate after a brief period at -15.5 ºCxxvii provided that it had been switched on for at 
least 10 minutes generating its own heat. An active heating system would still likely have 
been required for its prolonged use in the chamber. 
 
6.3.3. Developing a simulation model 
The simulation model was developed from the nascent paragliding computer game, 
Paraflysim (Andy Gilbert, 2017) built on the Unity game engine (Unity Technologies, San 
Francisco, USA) and adapted for the Vive. First, the sophistication of the flight model was 
improved (with stall physics and the realistic conversion of roll to pitch energy proving 
particular challenges), then the focus shifted to creating a suitable task environment. 
Initially, a simple performance task encompassing several cognitive domains, including 
logical reasoning, spatial relations, task inhibition/switching and mathematical processing 
was conceived. In the task, pilots would have to rapidly core up in a thermal to gain 
altitude, then leave it before climbing too high, flying efficiently to a designated landing 
area along a predetermined glide angle. Outcome measures were speed of climb, distance 
from target landing and total flight time. 
 
A well-known paragliding location, Saint Hilaire-de-Touvet, in Isère, France was chosen 
as the simulated location for the task (Figure 6.1). Its ‘house thermal’, a strong and 
predictable area of rising air to the right of launch was thought ideal for the performance 
task and real flight data could be used to calibrate the game engine. Custom scenery, based 
on Real World Terrain (Infinity Code) and the house thermal, including a graduated 
increase in lift around the thermal core, sheer and turbulence were added. Prior to 
optimisation, the simulation model could achieve a framerate of 60 Hz using the Vive and 
the SteamVR Unity Plugin (Valve Corporation), with full terrain, in testing. 
 





Figure 6.1. Screenshot of the author thermalling above Saint Hilaire-de-Touvet in the 
adapted Paraflysim. 
 
6.3.4. Matching the visual simulation with motion simulation 
In parallel to the visual and software work, the simulator hardware was also being 
developed. A frame was constructed to suspend a paragliding harness in the Extreme 
Environment Laboratory Fiennes Chamber. It was hoped to build motion into the 
simulator, as it was such a prominent part of the paragliding experience. This was more 
challenging than simulating the motion of enclosed, powered flight as in paragliding, the 
relationship of inputs and outputs is more complex. To illustrate: when an airline pilot 
initiates a turn, they make control inputs (roll and yaw) with the stick and rudder, so the 
aircraft turns. The pilot then perceives acceleration as the aircraft is turning (output). 
However, in paragliding, a turn is initiated by the pilot shifting their mass (roll) and 
applying brake to one side of the wing (roll and yaw). As the paraglider turns, the pilot 
feels the turn as increasing roll (output) but also maintains the turn through further 
increasing roll (input). In other words: the ‘output’, the feeling of turning by being rolled, 
is initiated and maintained by increasing input in the same dimension. Paragliding turns 
also have a higher G-loading than an airliner. Combined, these factors made achieving 
realistic acceleration-onset motion cues much more mechanically challenging. 
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Three potential routes to achieving this were explored: all relied on strain gauges 
connected to the paraglider brake lines and the suspension straps of the paragliding harness 
(risers) to detect input. As motion outputs, a robotic arm, a hydraulic platform and a 
system of pulleys (electromechanical actuators) were all considered. Robotic arms were far 
beyond the budget and would not have fitted in the environmental chamber, and there were 
concerns about the cost, performance and safety in the cold of hydraulics. This left a 
system of pulleys, with strain gauges, connected via Arduino microcontrollers (Arduino.cc, 
Scarmagno, Italy) to mechanical actuators (Figure 6.2). 
 
 
Figure 6.2. Preliminary sketch of actuator arrangement for pitch and roll in the 
paragliding simulator (Image: Ted Turnbull, with permission). 
 
There were still concerns about the performance of the strain gauges and actuators in the 
cold but nonetheless a testbed of the component parts was assembled. The first test that 
integrated a paraglider harness, strain gauge inputs and basic motion outputs with the HTC 
Vive-adapted Paraflysim was conducted on 22 May 2017. This test, like the remainder of 
the project’s adventures in virtual reality, was rapidly (and in some instances, 
spectacularly) curtailed by simulator sickness. 
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6.3.5. Overcoming simulator sickness 
If motion sickness (MS) is caused by movement, simulator sickness (SS) is caused by 
insufficiently comprehensive and precise simulation of that movement. SS can be induced 
by visual stimulation alone (‘VIMS’) with no physical movement (254) but is particularly 
prominent when two axes, roll and yaw, are combined (255, 256). 
 
SS incidence has been reported as high as 50 % and is more common in women, motion 
sickness sufferers, those with intercurrent illnesses or fatigue, as well as in more 
experienced pilots (252). Symptoms include nausea, ‘stomach awareness’xxviii, salivation, 
sweating, burping, fatigue, headache, eyestrain, difficulty focusing, vertigo, dizziness and 
blurred vision (257). While very similar to MS, SS suffers tend to have less vomiting and 
more prominent oculomotor symptoms (257). 
 
There are two prominent theories of SS pathogenesis. The first, sensory conflict, argues 
that the novel sensations felt in the simulator are at odds with the remembered patterns of 
sensation usually felt during that activity, hence why SS is worse in those with extensive 
experience of the activity being simulated (258, 259). The second, postural instability, 
suggests that sickness is induced by novel situations where sufferers do not possess (or 
have yet to develop) strategies to maintain postural stability (260). 
 
Recommendations to reduce SS include multiple, short familiarisation sessions to promote 
adaptation; avoidance of cue asynchrony, ‘freezing’ the simulation, long tasks (greater than 
two hours) or those with high manoeuvre intensity; narrowing fields of view (or reducing 
visual stimuli) or antiemetic medications. It is also recommended that sufferers avoid high 
risk activities, such as driving, for at least 12 hours following a simulation session (252). 
 
As the simulator developed, it became increasingly clear that simulator sickness would be 
a significant obstacle. Without motion, all three testers experienced SS/VIMS within 10-15 
minutes. Adding motion, using actuators susceptible to increasing latency with cold, would 
have led to cue asynchrony in the chamber. The intention was to simulate paragliding 
flights longer than two hours, so successfully combining roll and yaw would be essential to 
simulate any paragliding turn. Anticholinergic or antihistamine-based motion sickness 
drugs could all potentially interfere with pilot performance. Apart from the practical 
 
xxviii Stomach awareness: discomfort just short of nausea. 
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problems of participants attending for multiple familiarisation sessions and being unable to 
drive afterwards, the practice effects stemming from the familiarisation process, 
compounded by the selection bias and the potential distraction of SS, all looked to 
overshadow any subtle cognitive decrements resulting from the paragliding flight 
environment. 
 
This was a setback, particularly after such a significant period dedicated to simulator 
development work, but it prompted a useful period of reflection, both on the experimental 
question and on the relationship between environmental stressors, cognitive testing and 
real-world performance. 
 
The study question was again considered: was the paragliding flight environment a 
potential cause of pilot error? With hindsight, it was clear that the focus needed to be on 
recreating the stressors of the flight environment, rather than on providing an authentic 
flying experience. Attention turned to only those elements of the paragliding flight 
environment that were essential (and beyond those of enclosed, powered aviation). 
 
6.4. Essential elements of the flight environment 
Hypoxia could be simulated in the Extreme Environment Laboratory (EEL) Fiennes 
Chamber through reduction of FiO2 up to an equivalent altitude of 7,500 m AMSL. 
Beyond hypoxia, it was felt that the environmental conditions most likely to affect 
cognition were cold, headwind and hypobaria. The chamber could control temperature 
between +20 and -20 ºC. Headwind could be provided with an industrial box fan (Man 
Cooler, Colt International, Petersfield UK) up to 10 m.s-1. 
 
Unfortunately, there were no facilities for hypobaria. Normobaric and hypobaric hypoxic 
environments are likely not interchangeable (261), with hypobaria appearing to be 
marginally more stressful (though the differences would likely be more profound in those 
exercising at higher intensities than paraglider pilots (262, 263)). The body has no direct 
sensor for ambient barometric pressure (its only baroreceptors are involved in regulating 
blood pressure). However, some studies have reported differences in HR (264), V̇E, SpO2, 
pH (265), nitric oxide availability (266), antioxidant balance (267), postural stability (268) 
and symptom reporting (269) compared to normobaric equivalent altitudes. In a systematic 
review and meta-regression analysis of hypoxia and cognition, McMorris et al. (177) found 
a trend towards a significant regression which suggested that normobaric hypoxia might be 
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associated with greater reductions in cognitive function but the authors felt this to be 
inconclusive. However, as a 2015 systematic review of crossover trials noted (270), the 
differences seen between the two conditions in studies were typically confounded by ‘time 
spent in hypoxia, temperature, and humidity, and the limited statistical power due to small 
sample sizes’. The contribution of water vapour and varying barometric pressures in 
delivering different ‘hypoxic doses’ (unless accounted for) in normo- versus hypobaria was 
also discussed in Chapter 3. While it would have been desirable to test participants in 
hypobaria, not doing so avoided any risk of decompression illness, access to pilots during 
testing and the capacity to intervene immediately if there was a problem. 
 
6.5. Simulator construction 
6.5.1. Initial design 
 
Figure 6.3. Initial design of the flight environment simulator: (a.) Custom-welded hollow 
steel frame (b.) Semi-recumbent cocoon harness (c.) Cooling system (d.) Fan unit (e.) 
Down sleeves, containing paraglider brake handles (f.) Computer monitor (g.) Metamax 
3b (h.) Oxygen saturation logger with ear probe. 
 
In the simulator’s first iteration (Figure 6.3) the pilot was suspended in a semi-recumbent 
Supair Strike cocoon harness (Supair VLD, Annecy, France) from a frame in the centre of 
the Fiennes chamber. The Strike was chosen as it was available in three sizes, so 
participants could be fitted more precisely, and because it was typical of a modern 




Figure 6.4. Detail of brake handles (red) within down sleeves (black). 
 
The pilots held onto real paragliding brake handles (Gin Gliders, Yongin, South Korea) 
within WindsRiders down sleeves (WindsRiders, Thorame Haute, France). Though not 
everyone would fly with down sleeves, hands get very cold whilst flying and it was 
important that participants were not removed from testing for breaching the skin 
temperature thresholds set by the ethics committee. The handles were attached to bungee 
cord, tensioned to provide a similar ‘weighted’ feel to real brake lines (Figure 6.4). 
 
6.5.2. Testing and refinement 
Three flight tests were conducted with the author as test participant, one to 4,500 m (13 
Feb 2018), and two to 3,600 m (26-27 Feb 2018) to refine the simulator design. The aim 
was to achieve ecologically environmental parameters while working towards a subjective 
feeling of environmental authenticity. 
 
It was immediately apparent that the first flight felt artificially cold. The primary reason 
was the position and operation of the cooling system. The Fiennes chamber cooling system 
was not designed for dynamic control of temperature during an experiment. It was 
designed to cool the chamber rapidly to a set point and remain there. As a result, it dumped 
very cold air into the chamber until the set point was reached. The participant was being 
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blasted by cold air on each ascent to higher, colder altitudes. The other reason was that 
there was no requirement to make the small movements that during live flight help 
maintain warmth. 
 
Over the subsequent three tests, the following changes were made: added hand protection, 
enlargement of keyboard size, new windshield and stylus, concealment of the SpO2 from 
the pilot, fans adjusted to make the wind feel less ‘intense’, Metamax 3b turbine protected 
from the headwind, and a camera added to see the pilot from the control console (Figure 
6.5 A). 
 
Dumping of cold air remained a problem, so the whole experimental set up was rotated 
180 degrees, and foam and baffles were added so the cold air went over the head of the 
pilot. The harness was also lowered, but not so much that a significant Venturi effect 
would be created between the harness base and floor. Finally, a projector was set up so 
pilots could move in time to a point-of-view paragliding video to stay warm. The 
projection was displayed sufficiently far in front of the pilots to avoid the simulator 
sickness that plagued the VR experiments (Figure 6.5 B). 
 
 
Figure 6.5 (A.) Changes from initial to final design of the flight environment simulator: 
(a.) Lowered harness (b.) Perspex shield and stylus (c.) Monitoring camera (d.) Metamax 
3b turbine shield (e1-2.) Ambient temperature sensors (f) Fan further away, higher and 




Figure 6.5 (B.). Changes from initial to final design of the flight environment simulator: 
(a.) Point-of-view video (b.) Insulation to diffuse cold air (c.) Shield for pilot (d.) 
Projector. 
 
The experiment was controlled from a workstation outside the chamber (Figure 6.6). 
 
 
Figure 6.6. Chamber work station: (a.) Flight plan, with adjusted altitude for chamber 
calibration (b.) Windchill chart (c.) Laptop powering cognitive tests (mirroring the pilot’s 
monitor in the chamber) (d.) SpO2 (e.) Chamber FiO2 (f.) Ambient chamber temperatures 
(1 and 2) (g.) Participant temperatures (finger, forehead, toe, rectal) (h.) Monitoring 
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camera (i.) Laptop powering projected point-of-view video (j.) Rapidox 3100 measuring 
FiO2 (k.) Stopwatch for timing flight phases (l.) Experimental protocol. 
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Chapter 7. Experiment 2 - Cognition in Simulated Paragliding Flight 
Published as Wilkes M, Long G, Massey H, Eglin C, Tipton MJ. Cognitive Function in 
Simulated Paragliding Flight. Aerosp Med Hum Perform. 2019 Oct 1;90(10):851-859. We 
gratefully acknowledge the assistance of Geoff Long and the EEL technicians Harry 
Mayes and Danny White in conducting the experiments and of Dr Joe Costello for 
providing statistical advice. 
 
7.1. Introduction and approach 
Given unlimited time, participants and resources, this could have been approached as a 
dose-finding study. Pilots would have been exposed to each stressor (hypoxia, cold and 
headwind) individually then in combination in the simulator, over increasing lengths of 
time, as a cross-over trial. The end point might have been something akin to a dive table, 
where a particular ‘dose’ of each stressor would be associated with a degradation in 
cognitive performance. 
 
However, time, participants and resources were limited. These experiments aimed to 
investigate whether the paragliding flight environment was a source of cognitive 
impairment that might lead to error. Achieving this did not actually require one to be able 
to make general predictions about the role of each stressor in cognitive performance. 
Rather, it necessitated a search for any combination of stressors that would cause any 
single participant to deteriorate. If that combination were to lie beyond a ‘typical’ flight 
profile, then it would be unlikely that cognitive impairment was a pressing concern in the 
paragliding flight environment. Though such an approach might also lead to mechanistic 
insights, for example, uncovering differences in hypoxic ventilatory response between 
participants that deteriorated and those that did well, such insights were not intrinsically 
necessary to answering the experimental question. The advantages and disadvantages of 
this approach are reflected on in Chapter 10. 
 
One might then have picked an altitude, perhaps 3,096 m (the altitude at which oxygen is 
mandated in flights longer than 30 minutes) and then exposed pilots to the conditions 
found at that altitude until the first pilot deteriorated. That would have had the advantage 
of adding flight time as an independent variable, as well giving pilots a ‘rule of thumb’ that 
could be taken into the field or built into flight instruments. However, what if the changes 
in conditions (the delta) were as much of a stressor as the conditions themselves? To allow 
 141 
for this possibility, a ramped rather than flat profile was chosen, very similar but perhaps 
slightly more ‘aggressive’ than a typical flight. 
 
Significant consideration was given as to whether or not to use an existing battery of 
cognitive tests, or instead to create a new paragliding-specific task. Though the ecological 
validity of a paragliding-specific task was initially appealing, it would have been 
unvalidated, with no normative data or previous studies for comparison. Practice effects 
would have been a problem if the task was too realistic, as innate piloting ability and 
experience might confound the effects of the environmental stressors in a small sample. 
For these reasons, and to avoid contributing to the unhelpful heterogeneity of cognitive 
testing methods already in the literature, it was elected to use an existing battery of tests. 
 
7.2. Aims 
1) Assess whether the paragliding flight environment might lead to cognitive impairment 
sufficient to be a precondition for error. 
 
7.3. Hypotheses 
1) Due to the combined effects of hypoxia, cold and headwind, performance in paragliding-
relevant cognitive domains would diminish, and risk-taking behaviour would increase, at 
simulated altitudes up to and above 3,048 m, the threshold for oxygen use in powered 
aviation. 
2) Pilots experiencing minimal changes in cognitive performance would have different 
physiological responses to those with maximal changes in performance: for example, 
increased minute ventilation and preservation of peripheral oxygen saturation. 
 
7.4. Methods 
7.4.1. Sample size and selection 
The study was a two-group design, where one group would undertake a simulated flight in 
the environmental chamber with cognitive testing, and the second (control) group would 
undertake cognitive testing only, to help quantify practice effects (see 7.4.4. Mitigation of 
practice effects). The novelty of the study made a power calculation based on past effect 
sizes difficult to conduct. Recent studies on cognition with moderate hypoxia alone had 
used sample sizes of 15-25 participants (6-8). The initial aim was to test ten participants in 
the simulator and ten in the control group. 
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Participants for both simulator and control groups were recruited by word-of-mouth. The 
invitation was extended widely, with the aim of recruiting a representative sample of U.K. 
adult paraglider pilots: based on BHPA membership data that would have included 1-2 
professional pilots, 2-3 female pilots and an average participant age of between 45-55 
years. The control group would then be matched as closely as possible to the simulator 
group. 
 
Potential participants were screened with an exercise and health history questionnaire, 12-
lead ECG and baseline haemoglobin. Exclusion criteria were sojourns to altitudes above 
3,500 m of longer than 48 hours within the last three months (excluding commercial air 
travel); cigarette smoking; anaemia or polycythaemia; blood donation or lower respiratory 
tract infection within the preceding six weeks or symptomatic upper respiratory tract 
infection; blood dyscrasias or suspected pregnancy. 
 
Two female pilots were consented but excluded prior to participation (active pregnancy 
and intercurrent illness, respectively) and one male pilot was excluded following an 
incidental diagnosis of Wolff-Parkinson-White syndrome. Three male pilots were 
subsequently recruited in their place, making a total of ten male pilots in the simulator arm. 
They were subsequently matched to a group of same-sex controls for cognitive testing, 


















7.1. Participant demographics (N = 20). 
 
Group Simulator Control 
Parameter Range Mean (SD) Range Mean (SD) 
Age (years) 19-58 42.7 (13.2) 32-62 46.9 (12.2) 
Years paragliding 2-28 10.8 (8.6) 3-35 12.5 (10.8) 
Hours paragliding 21-2,000 859.1 (684) 30-3,000 692 (897.5) 
Hours in last year 18-350 107 (95.4) 10-99 49.2 (34.1) 
SIV courses 0-4 1.3 (1.3) 0-4 1.3 (1.3) 
Highest altitude 
(m, no O2) 
457-4,500 3,481 (1,305) 1,524-6,200 3,586 (1,217) 
Mass (kg) 66.2-97.3 77.7 (8.8) - - 
BMI 21.1-27.5 24.5 (2.2) - - 
Haemoglobin (g.L-1) 128-169.5 150.3 (13.6) - - 
Blood glucose 
(mmol.L-1) 
4.3-6.4 4.84 (0.6) - - 
Lactate (mmol.L-1) 0.8-2.7 1.9 (0.6) - - 
 
7.4.2. Study location 
The study took place the EEL Fiennes chamber, using the simulator set up as described in 
Chapter 6. The simulator group was tested between 28/02/18-14/03/2018 and the control 
group between 07/04/18-29/05/2018. 
 
7.4.3. Simulation of environmental conditions 
Hypoxia 
Altitude was simulated using whole-chamber reduction in oxygen fraction (Figure 7.1). 
Participants were tested to four inspired oxygen fractions (FiO2): 0.209 for baseline, 0.174, 
0.156 and 0.133. The atmospheric pressure in the chamber varied during the experimental 
period from 987 mb to 1,017 mb. Taking into account water vapour (see Chapter 3), this 
meant that the equivalent hypobaric altitudes for each FiO2 according to the ISA were 
0.209 (-12 to 240 m), 0.174 (1,407 to 1,648 m), 0.156 (2,222 to 2,456 m) and 0.133 (3,373 
to 3597 m). These are presented in the results tables as Equivalent Altitude (EA, m). The 




Figure 7.1. Measured FiO2 (%, solid line) and chamber temperature (°C, dotted line) 
during a simulated flight (2 m·s-1 represents simulated climb rate, wind was kept constant 
at 9.1 m·s-1). 
 
Temperature 
The International Standard Atmosphere (ISA) was also used as the starting point to 
simulate atmospheric cooling with altitude. In the ISA, temperature falls 6.5 ºC per 1,000 
m ascent, with a sea level temperature of 15 ºC (199). However, in a real flight, the 
temperature acting on a pilot would have been a balance between environmental cooling 
and heating from solar radiation. Heating which, in turn, would have depended on the 
direction and distance of the sun relative to the pilot and the extent of cloud cover, amongst 
many other factors. As a result, just cooling the chamber according to the ISA and ignoring 
solar heating would have made the flight artificially cold. 
 
A number of approaches were considered to allow for the effects of solar heating. These 
included a lighting system (impossible in the Fiennes chamber) and correction factors 
based on ground temperature, or the wet bulb globe temperature. The final approach was 
guided by a paraglider’s typical flight path of climbing up under a cloud and then gliding 
out into the sun. The chamber was cooled down to the ISA estimate during each simulated 
climb, then the cooling system was turned off, allowing the chamber to naturally warm up 
during the ‘glide’ phase of flight, until the next ascent. While admittedly a little arbitrary, 
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this approach felt most authentic to experienced pilots during trial runs in the chamber, and 
also provided the most reproducible conditions given the limitations of the chamber’s 
cooling system. 
 
Participants were permitted their own choice of base and mid-layers, but all wore 
appropriately-sized Rab Neutrino Endurance 850 fill-power down jackets (Rab Equipment 
Ltd, Ripley, UK) as outer layers, Guide Gloves (Mountain Equipment Ltd, Hyde, UK), 
Bamboo Balaclava (Bamboo Clothing Ltd, Plymouth, UK) and Supair Pilot Helmets 
(Supair VLD, Annecy, France). When first trialling the simulator, the protocol risked 
breaching ethical limits for finger skin temperature as participants’ digits cooled so rapidly, 
despite wearing ‘standard’ flying equipment. For the study, additional hand protection was 
added (the only part of the flying set up that differed from the norm) so participants would 
not have to be withdrawn prematurely. The hand protection was paired with an enlarged 
keyboard and a stylus so inputting test answers would remain straightforward. 
 
Headwind 
As altitude increases, the density of the air falls. A paraglider’s equivalent airspeed (EAS) 
at sea level is typically 36 km.h-1 in ISA conditions (27). As air density falls, the 
paraglider’s true air speed (TAS, the speed relative to the airmass at altitude) increases. 
However, the number of air molecules impacting the paraglider will fall (described by the 
‘density ratio’). As a result, when simulating this using a fan, the air velocity needed to be 
increased according to TAS but reduced according to the density ratio (assuming constant 




















Where: L* is air density at sea level (kg·m-3); L is air density (kg·m-3) at desired altitude, p 
is absolute pressure (Pa), Rspecific is specific gas constant for dry air (287.058 J·kg-1·K-1) 
and T is absolute temperature (K). 
 
Table 7.2. Calculated fan speeds for simulated headwind at altitude using the equations 
















0 101,325 15 1 36 36 10 
1,520 84,349 5.12 0.862 36 38.9 9.28 
2,440 75,248 -0.86 0.786 36 40.6 8.87 
3,660 64,421 -8.79 0.693 36 43.2 8.32 
 
It was hoped that windspeed could be adjusted to the above values with each change in 
altitude. However, the fan could not be operated remotely from outside the chamber. As a 
result, the average (mean) value, 9.1 m·s-1 was used throughout the simulated flight. 
 
7.4.4. Cognitive measures 
The Automated Neuropsychological Assessment Metrics 4 (ANAM4) battery 
Cognitive domains were tested using The ANAM 4 battery (Cognitive Science Research 
Center, University of Oklahoma, OK). The ANAM battery had been used to investigate 
cognitive impairment in hypoxia at 8,000 ft and 12,000 ft by Legg at al. (7), as well as a 
number of other environmental stressors (271). It had also been widely used to detect 
cognitive impairment in a clinical context, particularly with respect to concussion (272, 
273). ANAM 4 had been considered to have good construct validity for its specified 
cognitive domains (274) and for its mood scale (275), minimal practice effects following 
the second administration (276, 277) and to be an appropriate tool to assess cognitive 
change (278). 
 
The entire ANAM battery contained 24 separate tests, taking approximately 90 minutes to 
complete (279). However, to be able to test people several times within a two-hour 
simulated flight only the following measures were selected, based on their relevance to 
paragliding and reported changes at similar altitudes in the literature (Table 7.3). 
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Table 7.3. ANAM 4 measures included in the simulator study. Output measures: MRT(c) 
was mean reaction time for correct responses; throughput was a measure of processing 
efficiency (the number of correct responses per unit of available response time); Stroop 
interscore was the number correct, over the predicted number correct based on previous 
responses; Tower score was accuracy * speed x problem difficulty * range constant. Test-
retest reliability estimates for the primary outputs for testing intervals shorter than 24 
hours are expressed as r and intraclass correlation (ICC, 95 % CI).(279) 
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Measure Description Output Domains tested 
Logical 
Relations 
Evaluate the truth of a statement (e.g., "& 
comes after #") 
MRT(c) 
 % correct 
Throughput 
Abstract reasoning, verbal syntax. 
 
r = 0.87, ICC = 0.93 (0.86-0.97) 
Mannikin A man holding a ball is displayed upright or 
upside-down and facing the user or away. 
Indicate which hand is holding the ball. 
MRT(c) 
 % correct 
Throughput 
Three-dimensional spatial rotation ability, left-right 
orientation, problem solving, attention. 
Output: MRT (correct), % correct, throughput 
r = 0.72, ICC = 0.84 (0.66-0.92) 
Mathematical 
Processing 
Arithmetic problem with three single digit 
numbers and two operators. Indicate if the 
solution is more or less than 5. 
MRT(c) 
 % correct 
Throughput 
Basic computation, concentration, working 
memory. 
r = 0.64, ICC = 0.78 (0.54-0.89) 
Stroop Block 1: words RED, GREEN, and BLUE 
displayed in monochrome. 
Block 2: XXXX displayed in red, green or blue. 
Block 3: RED, GREEN, BLUE displayed in a 
colour that does not match the word. Press key 
assigned to colour. 
Interscore 
Mean MRT ratio 
(3:2) 
Processing speed, selective attention, interference 
and executive functioning. 
r = 0.51, ICC = 0.66 (0.29-0.83) 
Tower Three posts and five disks are displayed on the 
screen. Move and arrange all the disks on the 




Visuo-spatial ability, motor control, rule adherence, 
spatial planning, and strategy development and 
execution. r = 0.2, ICC = 0.43 (-0.19 -0.73) 
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Profile of Mood States (POMS) 
The participants also undertook a Profile of Mood States (280) test within the ANAM 
battery, where they were asked to describe how much a mood adjective applied on a 
categorical scale of 0 (‘not at all’) to 6 (‘very much’), taken from the subcategories of 
vigour, happiness, depression/dysphoria, anger, fatigue, restlessness and anxiety. 
 
The Balloon Analogue Risk Task (BART) 
To build on the work of previous authors, the Balloon Analogue Risk Task, a measure of 
risk-taking behaviour was used in addition to the ANAM tests. The classic BART (281) 
quantified risk-taking by asking participants to balance potential reward with loss. 
Participants were asked to inflate a balloon by clicking a button. With each click, the 
balloon inflated, and the participants earned money. They could choose to bank the money 
or keep inflating the balloon. If the balloon was inflated beyond a predetermined threshold 
(unknown to the participants), it exploded, and the money was lost. Participants could 
pump the balloon up to 128 times, so the chance of it exploding on the first pump was 
1/128, the second was 1/127 and the average number of pumps during the whole test 
would be 64. The outcome measure was the average number of pumps on unexploded 
balloons: the higher the score, the greater the propensity towards risk-taking behaviour. 
 
When used in past studies, the number of trials within each BART has typically ranged 
from 10-30 (282). Overall test-retest reliability has been reported as r = 0.77.(281, 283) 
However, correlations with total score varied little after the first ten balloons so given the 
time constraints, each test was limited to ten trials. 
 
In the classic BART, the level of risk desired by a participant risked being underestimated, 
as sometimes the desired number of balloon pumps exceeded the explosion point. An 
adjusted score can be used to ignore these ‘event-terminated’ trials. However, a newer 
‘automatic’ BART, in which participants input the total number of pumps desired at the 
beginning of each trial then watch the consequences unfold overcame this issue (284). A 
relatable reward has also been recommended (284, 285). These approaches were both 
adopted into the testing model, using the Automatic BART (Inquisit 5 environment, 
Millisecond Software, Seattle, USA) and phrasing the test so rather than earning money, 
the participants earned ‘kilometres’ in a paragliding distance competition, with a prize for 
the overall winner. 
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Mitigation of practice effects 
To mitigate practice effects, test stimuli were pseudo-randomised (generation of alternate 
forms in stimuli sets) (278, 286), two baselines were taken with the first discarded, and the 
first six trials of each subsequent iteration of the test were also discarded (287). To address 
any remaining practice effects, the median score from the control group was subtracted 
from the individual scores of the chamber participants in a second analysis (see 7.5.13 
below). 
 
7.4.5. Video projection 
To maintain attention, and to simulate the exercise demands of flight, the participants 
mimicked the brake line inputs and weight-shift turns made by a pilot in a chase-camera 
video (The Dolomites Air (Pt 1-2, 2011, Sky Adventure Videos, Brisbane, Australia) 
projected on the wall in front of them (when not undertaking cognitive tests). 
 
7.4.6. Chamber measures 
• Chamber O2 and CO2 fractions: Rapidox 3100 Multigas Analyser and Dry Gas Meter 
(Cambridge Sensotec Ltd., St Ives, Cambridge) calibrated to chamber environment and 
reference gas (approximately 5% carbon dioxide and 15% oxygen, exact value dependent 
on cylinder); imported into LabChart via Powerlab 4/30 (ADInstruments, Oxford, UK). 
• Chamber fan speed: Wavetek Meterman TMA 10 Anemometer (Amprobe, Everett, USA) 
• Chamber temperature: Two 5x12 mm thermistor probes, logged via Squirrel 2040 data 
logger (Grant Instruments, Shepreth, UK). 
 
7.4.7. Physiological measures 
• V̇E, V̇ETO2, V̇ETCO2, HR: Metamax 3b (as described in Chapter 3) plus Polar T31 (Polar 
Electro Oy, Kempele, Finland) heart rate monitor. 
• SpO2: Nonin 7500 table top pulse oximeter with ear lobe sensor (Nonin Medical, 
Plymouth, USA) imported into LabChart via Powerlab 4/30. 
• Skin and deep body temperature: peripheral and rectal thermistor probes logged via 
Squirrel 2040 data logger (Grant Instruments, Shepreth, UK). 
• 12-lead ECG: Seca CT6i (Seca, Birmingham, UK). 
• Capillary haemoglobin concentration: Hb 201+ (HemoCue AB Angelholm, Sweden). 
• Capillary blood glucose and lactate concentration: Biosen C-line Sport (EKF Diagnostics, 
Cardiff, UK) 
• Urine osmolality: Osmocheck handheld digital refractometer H2O (Vitech Scientific, 
Horsham, UK). 
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• Thermography: FLIR SC300 Infrared camera with Thermacam Researcher software v2.10 
(FLIR Systems Inc, Wilsonville, Oregon). 
 
7.4.8. Subjective measures 
Participants were asked to subjectively rate the following symptoms before and at the end 
of their simulated flight (at peak altitude): headache, nausea, shortness of breath, loss of 
coordination, hands uncomfortably cold, hands uncomfortably hot, body uncomfortably 
cold, body uncomfortably hot. They were also asked to subjectively rate the realism of 
their simulated flight experience. All ratings used a categorical scale from 1-5: 1 = "None", 
2 = "Slight", 3 = "Moderate", 4 = "Very", 5 = "Extremely” (Appendix V). 
 
7.4.9. Procedure for the chamber group 
1) Invitation letter and explanation of the study sent to participants in advance. 
2) Further discussion of the study on arrival at EEL and consent to participation. 
3) Screening via the Exercise and Health History and Flight Experience questionnaires 
(Appendix V), 12-lead ECG, baseline Hb, glucose and lactate measures (capillary sample, 
fingerprick). 
4) Decision as to whether fit or unfit to continue with the study. 
5) Selection of appropriately sized harness. 
6) Practice run (‘first baseline’) of the ANAM 4 and BART tests. 
7) Emptied bladder then measured naked, post-voiding mass and urine osmolality. 
8) Inserted rectal thermistor (15 cm beyond the anal sphincter) and attached skin thermistors 
(forehead, fifth finger right hand, first toe right foot) then dressed in flight clothing. 
9) Sat in harness, baseline (‘second baseline’) tests and Flight Symptoms questionnaire 
(Appendix V). 
10) Began the flight profile described above. 
On arrival at each simulated altitude, given five minutes for physiological equilibration 
then administered the cognitive tests (ANAM followed by BART), followed by ascent to 
next altitude after 25 minutes. 
11) Flight Symptoms questionnaire (Appendix V). 
12) Repeated glucose and lactate. 
13) Measurement of urine volume, osmolality and post-voiding naked mass. 
14) Post-Flight Questionnaire and debriefing. 
 
7.4.10. Procedure for the control group 
The time points of cognitive testing in the control group were matched to the median times 
of testing in the intervention group. The controls were tested in three groups of four, four 
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and three participants respectively, seated indoors at sea level altitude, with an ambient 
temperature of 18 °C. The participants were allowed to talk to one another in between, but 
not during, each administration of the cognitive tests. 
 
1) Invitation letter and explanation of the study sent to participants in advance. 
2) Further discussion of the study on arrival at the test centre and consent to participation. 
3) Flight Experience questionnaire; age, date of birth recorded. 
4) Practice (‘first baseline’) of cognitive tests at time zero. 
5) Baseline (‘second baseline’) at 01:09:30 elapsed time. 




The study protocol was approved in advance by the University of Portsmouth Science 
Faculty Ethics Committee (SFEC 2018-006). Each participant provided written informed 




The protocol was discussed with the EEL Independent Medical Officer (IMO). Participants 
were screened using the DSES Exercise and Health History Questionnaire, with additional 
screening questions for heritable blood disorders and 12-lead ECG, interpreted in light of 
the Consensus Statement on the International Criteria for Electrocardiographic 
Interpretation in Athletes (when appropriate) (288). The author conducted participant 
screening and acted as medical cover, with the IMO periodically reviewing the health 
history questionnaires and electrocardiograms to provide clinical oversight. Withdrawal 
criteria were drawn from the laboratory Schedule of Approved Procedures: 
 
1) Participant request. 
2) SpO2 falling below 65 % for 15 consecutive seconds. 
3) A sudden unexpected reduction in heart rate of greater than 20 beats.min-1. 
4) PETO2 falling below 45 mmHg for three consecutive breaths. 
5) PETCO2 falling below 25 mmHg for three consecutive breaths. 
6) Reduced level of consciousness (Glasgow Coma Score < 14, i.e. verbal confusion, or 
eyes open to voice only, or inability to obey motor commands). 
7) Skin temperature less than 8 °C for 15 min or less than 4 °C at any time. 
8) Rectal temperature less than 35 °C. 
 153 
9) Other concerns on the part of the investigator or medical officer. 
 
7.4.13. Statistical analysis 
Monitoring data were downloaded into LabChart via Powerlab 4/30 (AD Instruments, 
Oxford, UK) and Metasoft Studio (CORTEX Biophysik GmbH, Leipzig, Germany). The 
ANAM, POMS, BART and monitoring data were collated and analysed on a 1 Hz time-
base in R Studio (Version 1.0.143, R Core Development Team, version 3.4.1). Non-
parametric tests were chosen, given the small sample sizes and the heterogenous 
distributions of the results assessed using descriptive methods (skewness, outliers, and 
distribution plots) and inferential statistics (Shapiro–Wilk test). The raw scores from 
ANAM, POMS and BART in the simulator and control groups were compared using the 
Wilcoxon Rank Sum (Mann-Whitney U) test with Holm-Bonferroni correction for 
multiple comparisons. A second analysis of the ANAM results from the simulator group 
was then performed, this time subtracting the median score of the control group at each 
altitude from the scores of each participant in the simulator group to mitigate any residual 
practice effects (289). These corrected scores were summarised using Friedman followed 
by Wilcoxon Signed Rank tests (comparison of FiO2 0.209, 0.174, 0.156, 0.133 with 
Holm-Bonferroni correction). Effect sizes in the Friedman tests were calculated using 
Kendall's coefficient of concordance (Wt). 
 
Where confidence intervals were required for comparisons with previous papers, the 
pseudomedian and 95 % confidence intervals were derived from the Wilcoxon Signed 
Rank test (232). The Wilcoxon Signed Rank test (Holm-Bonferroni correction) was also 
used to compare the pre- and post- values for physiological parameters and symptom 
scores.  
 
Correlations between the ANAM, POMS and BART results directly, and between the 
ANAM, POMS and BART results and SpO2 and finger and rectal temperatures were 
assessed using Spearman’s rank correlation, using aggregated data from all participants at 
each simulated altitude. For example, all scores from measure of anger in POMS, 
compared to all SpO2 values. Within-participant correlations were not considered 
appropriate given the potential of time spent at one FiO2 to affect the subsequent plateau 
(i.e., the observations were not considered independent). As this necessitated 54 separate 
comparisons, where relevant the results have been presented both uncorrected, and 
corrected for multiple comparisons (Holm-Bonferroni correction). Significance was set at 




7.5.1. Cognitive measures 
ANAM 4 and BART 
In the ANAM cognitive tests, there were no significant differences in raw scores between 
the simulator and the control groups at any time point (Table 7.4). In the second analysis, 
using the corrected scores, Friedman tests identified significant differences in Logical 
Reasoning, Mathematical Processing, Mannikin Variations and Stroop Tasks in the 
simulator group at the different altitudes (Table 7.4). Post hoc comparison tests indicated 
significant differences in Logical Relations (Figure 7.2A) scores between baseline (FiO2 
0.209) and 0.174 (p = 0.012), 0.156 (p = 0.012), and 0.133 (p = 0.012). Peak scores in 
Logical Relations were at 0.174, rather than baseline, likely representing a residual 
learning effect, then trended downwards with increasing altitude (but never achieving 
statistical significance). In Mathematical Processing (Figure 7.2B), there were significant 
decrements between baseline and 0.174 (p = 0.035) and 0.156 (p = 0.049); In Manikin 
Variations (Figure 7.2C), there was a significant decrement between baseline and 0.174 (p 
= 0.023); in Stroop (Figure 7.2D) between 0.174 and 0.156 (p = 0.029) and 0.156 and 
0.133 (p = 0.012). However, the pattern in each of these was a decrement between baseline 
and 0.174, then an improvement on climbing to 0.156, and then a further decrement 
between 0.156 and 0.133 (Figure 7.2). 
 
The ANAM results, both uncorrected and corrected for practice effects were not correlated 
with SpO2 or rectal or finger skin temperatures (Table 7.6), with the exception of the 
Tower Puzzle. Uncorrected for multiple comparisons, performance in the Tower puzzle 
was correlated with SpO2 (r = 0.36, p = 0.021), rectal temperature (r = 0.44, p = 0.0044) 
and finger skin temperature (r = 0.34, p = 0.040). However, as performances improved 
with falling SpO2, rectal and finger skin temperatures (and therefore, with each further 
iteration of the test), this was likely to have been a residual practice effect. Indeed, when 
looking for correlations using the ANAM scores corrected for practice effects, this effect 
was abolished.  
 
In the BART, no significant differences in behaviour with increasing altitude or between 
the simulator and control groups were identified, nor was participants’ behaviour 
correlated with any of the mood dimensions measured in the POMS, rectal, or finger skin 
temperatures.
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Table 7.4. Results for the ANAM and BART. The raw scores and scores corrected for practice effects ‘(-PE)’ are presented for ANAM. The scores corrected 
for practice effects are those from individuals in the simulator group (N = 10), minus the median of those from the control group (N = 10). The results are 
presented as median (IQR), followed by the outcomes of Friedman tests and Kendall's coefficient of concordance (Wt) on the ANAM corrected scores (3 df) 





-12 to 240 
0.174 
1,407 to 1,648  
0.156 
2,222 to 2,456 
0.133 
3,373 to 3,597 
c2 p Wt 
  Raw -pe Raw -pe Raw -pe Raw -pe    
Logical 
Reasoning 
TP 21 (7.3) -7 (7.3) 28 (7.2) 3.1 (7.2) 25 (7) -1.4 (7) 23 (8.6) -3.4 (8.6) 22 <0.001 0.72 
Maths 
Processing 
TP 22 (6.4) 1.4 (6.4) 21 (11) -4.6 (11) 22 (15) -3.5 (15) 23 (7.1) -3.2 (7.1) 10 0.018 0.34 
Mannikin 
Variations 
TP 52 (25) 13 (25) 55 (18) 5.4 (18) 55 (25) 10 (25) 57 (6.3) 3.6 (6.3) 13 0.005 0.42 
Stroop IS 16 (10) 1.8 (10) 20 (6) 1.4 (6) 21 (6) 3 (6) 20 (6.3) -2.2 (6.3) 15 0.002 0.49 
Tower MR 1.1 (0.19) -0.06 
(0.19) 
1.2 (0.25) 0.01 (0.24) 1.1 (0.25) -0.11 
(0.26) 
1 (0.06) -0.05 
(0.06) 
1.6 0.670 0.05 






Figure 7.2. Dot plots of ANAM Cognitive Tests and BART results (N = 10). ANAM scores 
have been corrected for residual practice effects by subtracting the median score for each 
test achieved by the control group from individual participants’ scores. Each dot 
represents an individual’s score, the black cross the pseudomedian and the error bars 95 
% confidence intervals derived from the Wilcoxon Signed Rank tests. 
 
Profile of Mood States 
In the POMS, no significant differences were identified between the simulator and the 
control groups (Table 7.5). Within the simulator group, Friedman tests indicated 
significant differences in anxiety, happiness, and restlessness scores. However, in post hoc 
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pairwise tests, following correction for multiple comparisons, none of the differences were 
significant. 
 
Uncorrected for multiple comparisons, finger skin temperatures (Table 7.6) were 
negatively correlated with the anger metric of the POMS (rs = -0.45, p = 0.006). In other 
words, the three participants with the coldest hands at peak altitude were the only ones to 
report anger scores > 0. Rectal temperature was also correlated with fatigue (rs = -0.49, p = 
0.001). However, rectal temperature declined steadily from supranormal (elevated above 
normothermia but not hyperthermic) to normal (Table 7.6), so this may have represented 
increased fatigue with time, rather than with deep body temperature. 
 
Table 7.5. Results for the Profile of Mood States (POMS, N = 10), raw scores presented as 
median (IQR), followed by the outcomes of Friedman tests and Kendall's coefficient of 



















Anger 0 (0) 0 (0) 0 (0) 0 (0.1) 7.2 0.066 0.24 
Anxiety 0.2 (0.6) 0 (0) 0 (0) 0 (0) 9.4 0.025 0.31 
Depression 0 (0) 0 (0) 0 (0) 0 (0) 3.0 0.390 0.1 
Fatigue 0.8 (0.7) 0.7 (0.5) 0.6 (1.1) 1.1 (1.6) 1.1 0.790 0.04 
Happiness 4.6 (0.6) 4.7 (1.0) 4.3 (0.6) 4.1 (1.2) 11 0.011 0.37 
Restlessness 0.6 (0.8) 0.3 (0.3) 0.3 (0.6) 0.6 (0.8) 9.0 0.029 0.30 
Vigour 3.7 (1.7) 3.5 (1.1) 2.9 (1.1) 3 (1.1) 4.2 0.240 0.14 
 
 
7.5.2. Physiological parameters 
There was a small, but statistically significant fall in blood glucose between baseline (4.7 
(0.2) mmol·L-1) and the end of the flight (4.3 (0.3) mmol·L-1, p = 0.013) but not in blood 
lactate. Urine output during the flight varied considerably between pilots (median 301 
(287) mL), equating to 1.4 (1.3) mL·kg-1·hr-1, with a statistically insignificant change in 
urine osmolality from 650 (475) to 425 (290) mOsm·kgH2O-1. Other insensible losses, 





Table 7.6. Metabolic (mean (SD) and physiological values recorded in the simulator (N = 





-12 to 240 
0.174 
1,407 to 1,648 
0.156 
2,222 to 2,456 
0.133 
3,373 to 3,597 
V̇O2 
mL·kg-1·min-1 
5.8 (1.8) 5.6 (1.9) 5.9 (1.7) 6.7 (1.6) 
V̇CO2 
mL·kg-1·min-1 
5.8 (1.9) 5.4 (1.9) 5.7 (1.7) 6.5 (1.6) 
RER 
 
0.99 (0.09) 0.96 (0.14) 0.96 (0.15) 0.96 (0.07) 
V̇E 
L·min-1 
17.8 (4.4) 15.6 (3.7) 16.3 (4.0) 19.0 (4.1) 
Vt 
L·min-1 
0.85 (0.20) 0.85 (0.25) 0.90 (0.29) 1.0 (0.33) 
fR 
Breath·min-1 
21 (4.3) 19 (4.0) 19 (4.3) 19 (5.0) 
HR 
Beats·min-1 
81 (13) 77 (12) 73 (10) 74 (10) 
SpO2 
% 
98.2 (0.8) 96.5 (1.3) 92.6 (3.6) 86.8 (3.7) 
Rectal temp 
°C 
37.6 (0.2) 37.5 (0.2) 37.4 (0.1) 37.3 (0.1) 
Finger temp 
°C 











Table 7.7. Barometric pressures as measured in the chamber on each study day by the 
Metamax 3b (N = 10). 
 













Baseline values were somewhat elevated, perhaps in anticipation of the participants’ 
upcoming ‘flights’ or because they were dressed very warmly. However, as FiO2 then fell 
from 0.174 to 0.133 there was a statistically significant increase in oxygen consumption (p 
< 0.001), with a corresponding fall in oxygen saturation (p < 0.001). The overall V̇O2 in 
simulated flight (excluding baseline values) averaged 5.9 (1.8) mL·kg-1·min-1, similar to 
the 5.3 (1.7) mL·kg-1·min-1 recorded during the live flights in Chapter 5. Physiological and 
cognitive responses had high levels of intra- and inter-individual variability, defying 
classification into ‘responders’ and ‘non-responders’ and comparison between individual 
physiological and cognitive performances (see Chapter 10). 
 
Rectal temperature fell by a statistically significant (p < 0.001) amount from baseline to 
peak simulated altitude (37.6 (0.2) to 37.3 (0.1) °C). However, as 37.3°C was closer to 
normal body temperature and the pilots were all hot at the start of their flight (having been 
dressed warmly), this likely represented a return to normothermia, rather than incipient 
hypothermia. Peripheral (finger) temperature fell much more steeply, from 28.8 (6.5) to 
13.9 (7.0) °C (p < 0.001). 
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7.5.3. Symptom scores and post-flight questionnaire 
Participants did not report statistically significant changes in any of the symptom scores, 
though scores for cold hands increased from 1.0 (0) to 2.5 (2.5) between baseline and peak 
simulated altitude (p = 0.168). They scored the realism of the simulator experience 
(Categorical scale, 1-5, "Not at all" to "Extremely”) as: overall realism = 3.7 (0.8), body 
position = 4.7 (0.5), arm position = 4.5 (0.5), headwind sensation = 4.0 (0.8), temperature 
sensation = 4.2 (1.0), physical comfort = 4.2 (0.6), mental effort = 3.3 (0.2). 
 
7.6. Discussion 
This experiment investigated whether the hypoxia, cold and headwind of the paragliding 
flight environment might elicit detectable cognitive impairment, as a potential source of 
pilot error. 
 
No significant differences were found between the simulator and control groups at any 
time point. As expected from existing studies, individual performances were variable: 
some participants tended to be relatively consistent performers, others more erratic (see 
Chapter 10). It might have been that the environment exaggerated participants’ natural 
cognitive strengths and weaknesses, but no individuals were found to be grossly outlying. 
 
The hypothesis that the paragliding flight environment might lead to detectable cognitive 
impairment was rejected, while remaining mindful of both the strengths and limitations of 
the study, and of cognitive testing in general. In the literature, attempts to draw 
mechanistic conclusions on the role of low-grade environmental stressors on performance 
have proven challenging in the past. For example, in simply studying hypoxia alone, 
interindividual variability in the hypoxic ventilatory response, duration and speed of 
exposure, as well as exercise, may all play roles in the results. Degrees of hypoxia cannot 
be easily quantified, especially on a regional rather than whole-body resolution: for 
example, peripheral oxygen saturation has rarely been a satisfactory acute measure, as the 
results can be masked by hyperventilation and the shape of the oxyhaemoglobin 
dissociation curve at low-moderate altitudes (213). Practice effects have been a perennial 
problem, as has been the wide variety of different tests used (5, 10). Like all cognitive 
testing batteries, the sensitivity and specificity of ANAM4 has varied between clinical 
settings and the subsets of tests used. In a mixed population they have been reported as 
high as 81% and 89.1% respectively in classifying patients against another established test 
battery (RBANS) (273). However, in the context of concussion, ANAM was found to have 
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a low sensitivity (50 %) but a high specificity (96 %), allowing for the possibility that 
subtle decrements may have been missed (290). The significance of cognitive tests as 
outcome measures has also been uncertain, in trying to relate a measured reduction in 
cognitive function on a test battery to real-world flight performance (291). These 
limitations, and others, are further discussed in Chapter 10, in the context of intra- and 
inter-individual variability. 
 
Where possible, this study built on the foundations laid by previous work. While the 
fractions of inspired oxygen in the chamber were mainly chosen as being typical of the 
altitudes achieved during good cross-country paragliding days in the U.K (> 1,500 m), the 
Alps (> 2,000 m), and the United States / Himalayas (> 3000 m), they also enabled the 
results (with the additional stressors, ramped profile and slower ascent rate of paragliding 
flight environment) to be compared with those from three other authors who focused on 
hypoxia alone (7, 9, 186). The same validated test battery and test outcome metrics chosen 
by two of those authors, Legg et al. (7) and Pilmanis et al. (9) were included in the data 
collection (though the primary outcome metrics in this study placed less emphasis on 
reaction times, in anticipation of participants’ muscle responses slowing due to peripheral 
cooling). Common metrics were plotted i.e. for Logical Relations and Mathematical 
Processing (Accuracy, Mean Reaction Time, Throughput), Mannikin (Throughput), Stroop 
(Block Ratio 3:2), Tower Puzzle (Actual Number of Moves Made, Mean Reaction Time). 
All overlapped with the results from this study, with the exception of the mean reaction 
time values in Pilmanis et al. (9) and the baseline values for Logical Relations (lower in 
this study). The difference in reaction times was expected, as the participants of this 
experiment were wearing thick gloves and operating in a cold environment. In the Profile 
of Mood States, Legg et al. (7) reported increased fatigue and decreased vigour at peak 
altitude (FiO2 0.133). In the chamber, fatigue increased and vigour fell at peak simulated 
altitude, but the changes did not reach statistical significance. Confidence intervals again 
overlapped for all the metrics except happiness: the participants of this study reported 
higher levels of happiness at all time points. It should be noted when making the 
comparisons that Legg et al. (7) and Pilmanis et al. (9) used hypobaric hypoxia and, as can 
be seen the tables above, the equivalent altitudes reached in the chamber, once atmospheric 
pressure and water vapour had been taken into account, were a little lower.  
 
Strenuous efforts were made in both the data collection and the analysis to control for 
practice effects. Failure to mitigate practice effects has been a prominent methodological 
issue in studies of cognition in hypoxia. All cognitive tests suffer practice effects, which 
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have been defined as a change (usually an improvement) in performance when a test is 
taken more than once (287, 292). To reduce these, a classical approach has been to practice 
the test repeatedly until there were no further improvements in scores, before introducing 
the independent variable (the ‘practice to asymptotic’ approach). This approach has not 
always been possible (or desirable) however: repeated practice sessions burden 
participants’ time and there has been a potential for testing fatigue to influence the score (a 
particular concern with repeated administration of tests on the same day) (287).  
 
For studies such as this one, involving same-day testing, a number of other steps had been 
recommended to significantly reduce practice effects. The first was to use a computerised 
battery that pseudo-randomly generated alternate forms of each stimulus during repeated 
administration of the test (278, 286). The second was the ‘dual-baseline approach’: as the 
most prominent practice effects are between the first and second tests (particularly with 
short testing intervals), performing two baselines and discarding the first eliminates the 
largest of the practice effects (287). Practice effects also tended to be most significant on 
the first 5-6 trials of each iteration of a test, so these too could be discarded (287). Finally, 
in some studies, a control group had been used to estimate the magnitude of any practice 
effects and the results incorporated into a number of ‘reliable change indices’ (RCI) (293-
295). This approach was exemplified by Griva et al. (2017) in the largest field study of 
cognition at altitude to date (296). All these recommendations were incorporated into this 
experiment. 
 
With regard to recording participants’ physiology, the experiment went beyond oxygen 
saturations, measuring oxygen consumption, carbon dioxide production and ventilation, 
deep body and peripheral temperatures. Oxygen consumption, though increased at higher 
simulated altitudes, remained low and rectal temperature never dropped below the normal 
range, implying that the environment (with the clothing in the experiment) did not induce 
shivering. RER fell slightly with no evidence of hyperventilation. The overall V̇O2 in 
simulated flight (excluding baseline values) averaged 5.9 (1.8) mL·kg-1·min-1, reassuringly 
similar to the 5.3 (1.7) mL·kg-1·min-1 recorded during the live flights in Chapter 5. 
Peripheral oxygen saturations in the simulator group closely matched those recorded at 
equivalent altitudes in hypobaric hypoxia by Legg et al. (7), Pilmanis et al. (9) and Bouak 




Table 7.8. Peripheral oxygen saturations recorded during the flights in the environmental 
simulator in normobaric hypoxia (n = 10), alongside those reported at similar altitudes in 
hypobaric hypoxia by Legg et al. (n = 36) (7), Pilmanis et al. (n = 91) (9) and Bouak et al. 
(n = 16) (186) (Mean and sd). 
 
Group Baseline 1,524 m 2,438 m 3,658 m 
Simulator group 98.2 (0.8) 96.5 (1.3) 92.6 (3.6) 86.8 (3.7) 
Pilmanis et al. 97.5 (0.8) 96.0 ( - ) 93.5 ( - ) 86.6 (2.9) 
Legg et al. 99.0 (1.0) - 95.0 (3.0) 88 (3) 
Bouak et al. 96.7 (0.2)  91.8 (0.3) 85.7 (0.5) 
 
 
Two incidental but useful physiological outcomes were also noted. The first was that 
paraglider pilots may be particularly vulnerable to peripheral cold injury. Paraglider pilots 
fly with their hands above their heads, armpits and wrists exposed to the apparent wind. 
Figure 7.3 were images from an infrared thermography sequence filmed during pilot 
testing, that demonstrated the vulnerability of the paragliding flight position to rapid 
cooling of the extremities. (It was not a formal part of the study, and so is presented here 
for discussion, rather than in the results.) Low skin digital temperatures (< 8 °C) were 
noted on early trials of the simulator, when wearing ‘standard’ flying equipment. Skin 
temperature is correlated with dexterity (297), with significant impairment at temperatures 
below 13 °C (298). While flying a paraglider does not require much fine motor control, 
emergency procedures may do (for example, deploying the reserve parachute), unpleasant 
cold can be a significant distraction and very low skin temperatures can lead to injury 
(299). The second finding was that the pilots lost around 4 mL·kg-1·hr-1 of fluid. As only 
some pilots drink in flight, and some even actively fluid-restrict to avoid the need to 












Figure 7.3. Infrared thermography sequence during simulator pilot testing, demonstrating 
the vulnerability of the paragliding flight position to rapid cooling of the extremities. 
(Constant headwind of 9.1 m·s-1 with ambient temperature reduced from 20 °C to 0 °C 
over 12 minutes. Lighter colours indicate warmer surface temperatures, darker colours 
colder.) 
 
Through the use of real equipment and chase-cam footage, the feel of the paragliding flight 
environment was recreated as authentically as possible, given the available resources. 
These efforts were reflected in the participants’ positive subjective scores of the 
simulator’s realism, as well as in comparisons with previously recorded live flight data. 
However, a simulator will never be real flight. Paragliding carries risk, but the study 
participants were always safe. This may have affected their performance, but it cannot be 
quantified to what extent. The acute stress of an in-flight emergency might well reduce 
cognitive ‘bandwidth’ but simulating the subtle interaction of environmental stressors with 
a low-grade awareness of vulnerability (ever-present in live flight) lay beyond the 
laboratory model. The study also gave no indications of the margins of ‘cognitive safety’: 
for example, if the pilots had tried to initiate a take-off run at high altitude, so increasing 
their oxygen consumption beyond any spare capacity in their arterial oxygen content, their 
cognitive function may have deteriorated at that point. (Please see the account of the death 
on Mont Blanc in Chapter 5.) 
 
The study was further limited by its small number of (only male) participants, and the lack 
of a prior power calculation to determine sample size. Conditions in the chamber were 
normobaric rather than hypobaric, though the degree of distinction between the two at 
lower altitudes is debated (Chapter 6, (177, 270)) is it notable that the equivalent altitudes 
(the ‘dose’ of hypoxia) varied between participants due to changes in atmospheric pressure 
(Table 7.7) and were lower than in hypobaria due to the effects of water vapour. In 
retrospect, it would have been better to have set chamber FiO2 based on the daily 
atmospheric pressure and calculated PIO2 (see Chapter 3) to achieve equivalent simulated 
altitudes between participants and more accurate comparison with other authors (202). It 
would also have been desirable to have included descent as a component of the study 
protocol (189) but the chamber venting system limited the ability to do this in an 
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ecologically valid way. Each flight was limited to just over two hours and there may have 




1. Due to the combined effects of hypoxia, cold and headwind, performance in 
paragliding-relevant cognitive domains would diminish, and risk-taking behaviour would 
increase, at simulated altitudes up to and above 3,048 m, the threshold for oxygen use in 
powered aviation. 
 
2. Pilots experiencing minimal changes in cognitive performance would have different 
physiological responses to those with maximal changes in performance: for example, 
increased minute ventilation and preservation of peripheral oxygen saturation. 
 
This experiment represented a major effort to recreate the paragliding flight environment 
in a laboratory context. It was concluded that cognitive abilities or risk-taking behaviour 
were not grossly distorted by the simulated flight environment, while remaining mindful of 
the limitations of the study, in particular its lack of physical jeopardy. 
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Chapter 8. Experiment 3 - Reserve Parachute Deployment with 
Linear Acceleration 
Published as Wilkes M, Charles R, Long G, Massey H, Eglin C, Tipton MJ. Ergonomics of 
reserve parachute deployment. App Ergonomics. 2020 Sep 1;90:103229. Oral presentation 
as Wilkes M, Charles R. Ergonomics of reserve parachute deployment, accepted for 
Ergonomics and Human Factors 2020 conference in April 2020. 
 
The recommendations that a parachute be deployable in one movement, in any direction, 
were incorporated in the 2020 draft of the EN-1651 (1) standard governing paragliding 
harness design as ‘A successful extraction of the parachute system from the harness 
requires the user to grasp the deployment handle with their right hand and pull it 
forcefully in one movement in any direction away from the harness, which will release the 
parachute pins and withdraw the emergency parachute system from the harness.’ 
 
We gratefully acknowledge Dr Becky Charles, RSSB, for advice regarding study design 
and analysis, and Geoff Long, Sam Smith, Bethan Axford and Thames Valley Hang gliding 
and Paragliding Club for assistance with data collection. 
 
8.1. Introduction and approach 
8.1.1. Rationale for the experiment 
The experiments of Chapters 5 and 7 were limited by the sensitivity and specificity of the 
physiological and cognitive measures and marked variability amongst the small numbers 
of participants. They were conducted in the context of a generally incomplete 
understanding of the neurophysiology of complex behaviours, trying to bridge a gulf 
between the ecologically valid but poorly controlled environment of live flight, and the 
controlled artifice of the laboratory. These issues are explored in more detail in the 
discussion of Chapter 10. 
 
It was therefore decided in the remaining experiments to ‘work backwards’. Instead of 
describing physiological disturbances then attempting to link them to behaviour, 
investigations would first focus on accurately describing simpler but still meaningful 
behaviours in larger samples of pilots under a single stressor. Then, if necessary, further 
steps could be taken to identify or investigate cognitive or physiological disturbances 




Reason’s model of human error (3), described a ‘Swiss cheese of […] defences, barriers, 
and safeguards [that] may be penetrated by an accident trajectory’. In paragliding, the final 
safeguard has always been the reserve parachute. It is the last ‘slice of cheese’ before 
injury or death. The literature review in Chapter 2 and the incident analyses in Chapter 4 
alluded to both misjudgements in the lead up to accidents, but also a failure of pilots to 
throw their reserve parachutes when critical incidents were clearly underway. In an 
analysis of incident reports from 2017, the Fédération Française de Vol Libre (FFVL) 
concluded that in 90 % of accidents, the reserve parachute was not deployed (2, 301). 
Those accidents included nine deaths (302). 
 
The failure to deploy reserve parachutes in paragliding echoed that described by Leach et 
al. (132) in their work on ‘no pull fatalities’ in skydiving. However as discussed in 
previous chapters, their work used a surrogate for failure to deploy the parachute 
(standardised cognitive tests) and did not fully account for the effects of experience or 
confounding stressors such as acute hypoxia. Their studies also did not differentiate 
between loss of altitude awareness, failure to recall the existence of a reserve parachute, 
failure to remember its mode of operation, and failure to locate its handle or extract the 
parachute. Such distinctions are important when considering the detail of reserve 
deployment. In paragliding, the sequence of events would typically be as follows: 
 
1. Pilot makes a poor decision or glider handling error; 
2. Wing departs normal flight; 
3. Pilot recognises the departure; 
4. Pilot attempts to restore the wing to normal flight; 
5. Pilot recognises that this cannot be achieved (either at all, or before impact with the 
terrain); 
6. Pilot makes the decision to deploy the reserve parachute; 
7. Pilot enacts the deployment procedure. 
 
A loss of altitude awareness may stop the pilot moving through the sequence at all, either 
by dismissing the significance of the wing’s departure from normal flight or by continuing 
to try to restore the wing to flight, without recognising that this cannot be achieved before 
impact with the terrain. Making the decision to deploy requires recalling the existence of 
the reserve parachute, while enacting the deployment procedure requires recall of the 
parachute’s mode of operation. Finally, even if all these were successful, if the pilot cannot 
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physically locate the deployment handle and extract the parachute from the harness then 
the sequence will fail. 
 
This experiment and the one that followed (Chapter 9) focussed on the final component of 
the sequence: pilots’ ability to enact the deployment procedure. It was a discrete, relatively 
simple behaviour that could be investigated in a large sample, with the potential for 
stronger conclusions and more immediate recommendations. In flight, pilots’ ability to 
enact the deployment procedure could be influenced by multiple stressors, including fear, 
hypoxia and cold. However, based on experience and work by Blok et al. (137), the 
stressor likely to have the highest impact on pilots’ ability to enact deployment was felt to 
be acceleration (G force). Acceleration forces in paragliding can be linear, secondary to a 
symmetrical wing collapse or stall, or radial (rotational), secondary to an asymmetrical 
wing collapse or cravat. This experiment focussed on linear acceleration forces, while the 
experiment that followed investigated deployment in radial acceleration (Chapter 9). 
 
Enacting a successful deployment is dependent on both the pilot and their equipment. This 
interdependence is reflected in accident taxonomies, such as HFACS, which link the 
physical and technological environments (4). Reserve parachute systems vary significantly 
in design, and each element may be made by multiple, separate manufacturers. While new 
designs are trialled by professional test pilots before commercial release, such pilots are 
not typical of the flying population: test pilots fly many more hours and deploy reserve 
parachutes frequently as part of their work. Consequently, this study focussed on amateur 
pilots, their interactions with, and the performance of, their equipment.  
 
8.1.2. Reserve parachute systems and training 
The components of a reserve parachute system are the reserve handle (held in place by 
hook and loop fastener), a strop (connecting the handle to the deployment bag), a 
deployment bag (holding the reserve parachute), and the reserve parachute itself (Figure 
8.1). The deployment bag sits within a ‘container’ in the harness, kept closed by pins 
attached to the reserve handle. The container can be mounted in front (‘front-mounted 





Figure 8.1. Under-seat reserve parachute system. (A.) The deployment bag, containing the 
reserve parachute, sits within the reserve container of the harness. When the handle is 
pulled, the pins are removed, allowing the reserve container to open and the deployment 
bag to be extracted. Once the parachute inflates, the pilot hangs underneath it connected 
by the reserve bridle. (B.) The parachute is contained within the deployment bag. When the 
bag is thrown, the lines are pulled sequentially from the mouth lock, the bag opens, the 
parachute deploys and the deployment bag falls away. (Drawing by Basia Lesniewska.) 
 
Therefore, at a minimum, deploying the reserve parachute requires the following eight 
steps: 
1. Remove hands from the control lines; 
2. Locate the reserve handle; 
3. Grip the reserve handle; 
4. Loosen the reserve handle hook-and-loop fastening; 
5. Pull the handle away from the harness, releasing the pins that open the container and 
tensioning the strop; 
6. Extract the deployment bag from the container in the harness; 
7. Throw the deployment bag away from the harness; 
8. Release the grip on the reserve handle. 
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The reserve parachute lines then come under tension, pulling the parachute from the 
deployment bag, exposing it to the airflow and allowing it to open. The pilot then swings 
under the reserve parachute, suspended by the reserve bridle connected to attachment 
points (usually at the shoulders). 
 
Training for reserve parachute deployment in paragliding is inconsistent: pilots are 
instructed on the correct procedures during initial training, some will then practice the 
deployment movements during solo flights, while a much smaller subset will actually 
deploy their reserve parachutes as part of a training course or genuine emergency. Pilots 
are also taught differing techniques for deployment (31). These can include pulling the 
handle either upwards or outwards, and then either throwing the deployment bag away in a 
single sweep or first bringing it forwards then throwing it backwards. 
 
8.2. Aims 
1. Characterise pilots’ instinctive responses to reserve parachute deployment and identify 
behaviours that might indicate underlying cognitive dysfunction for future investigation. 
2. Describe the performance of the different reserve parachute systems in the pilot-equipment 
interaction. 
3. Recommend changes to pilot training or parachute system design to improve the chances 
of a successful deployment. 
 
8.3. Hypotheses 
1. Participants with previous deployment experience would have faster, more successful 
deployments. 
2. Front-mounted reserve systems would be faster than under-seat mounted systems. 
3. There would be examples of ‘freezing’ or other maladaptive behaviours, similar to those 
reported by Leach et al. (132). 
 
8.4. Methods 
8.4.1. Participant selection 
Demographic data were collected via an online form during enrolment for the event. Fifty-
five practicing paraglider pilots volunteered to take part in the study (mean age 49.2 (12.5) 
years). Three (5.4 %) were female and 52 (94.6 %) male. Nine (16.3 %) were left-handed 
and 46 (83.7 %) were right-handed. Twenty-seven (49.1 %) had been flying for three or 
fewer years. Thirty-six (65.5 %) flew less than 25 hours per year, 14 (25.5 %) flew 26-50 
hours per year and 5 (9.0 %) more than 51 hours per year. Twenty-eight (50.9 %) 
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described their flying currency as ‘very low’ or ‘low’, 23 (41.8 %) as ‘average’ and 4 (7.3 
%) as ‘high’ or ‘very high’. Thirty participants (54.5 %) had some experience of reserve 
parachute deployment, defined as having thrown their reserve at a previous indoor event, 
during a training course or in a real emergency. Twenty-five (45.5 %) had no such 
experience. 
 
8.4.2. Study location 
The study centred on an annual event, the ‘Big Fat Repack’, organised by Thames Valley 
Hang gliding and Paragliding Club. The event gave pilots the opportunity to practice 
throwing their reserve parachute from a zipline, before having it professionally repacked.  
 
8.4.3. Paragliding equipment 
All participants used their own paragliding harness, reserve parachute system and helmet. 
Participants were issued with standardised, appropriately-sized gloves (Dura Gloves 
Etouch, DeFeet International, Hildebran, USA) and held the control handles in an open 
‘beginner’ grip, to eliminate glove-thickness and control handle entanglement as 
confounding factors. 
 
8.4.4. Filming equipment 
The zipline descents were filmed by two cameras attached to the zipline trolley: a GoPro 
Hero 7 (front view) and a GoPro Hero 5 (side view), both set to 2.7 k, 50 fps and linear 
field of view (GoPro Inc., San Matteo, USA).  
 
8.4.5. Study process 
Initial Questionnaire 
Participants filled out an initial questionnaire, which included demographic and equipment 
details, flying experience, reserve deployment experience, repacking practices and self-
rated flying currency. 
 
Practice station 
Participants attended a practice station, to ensure that all had the same baseline level of 
information and currency regarding reserve parachute deployment. They were given 




1. “Rapidly locate the deployment handle; 
2. Extract the bag; 
3. Throw the reserve hard away from the paraglider; 
4. Release the deployment handle.” 
 
These instructions were derived from the manuals supplied with two typical, 
commercially-available, reserve parachutes (Ozone Angel, Ozone Gliders Ltd, Edinburgh, 
Scotland; Supair Fluid, Supair VLD, Annecy, France). Participants then sat in their 
harnesses, practiced the zipline tasks for 1 minute and located their reserve handle. When 
gripping the reserve handle, they were measured for acromion-olecranon and olecranon-
wrist crease lengths and angles of flexion at the shoulder and elbow (303). The same 
observer made all measures using a 12-inch goniometer (66fit Ltd., Spalding, U.K.) and a 
new fibreglass measuring tape (HaB International Ltd., Southam, U.K.). 
 
Zipline 
The zipline was indoors and approximately 50 m in length. Participants ascended to the 
zipline platform by stairs. They were given five minutes to settle following the climb and 
then lowered over the side in their harness and held suspended by a tether. Once over the 
side, participants were held at an awkward angle (Figure 8.2) approximately 15 m above 
the floor, which heightened anxiety and ensured that, when released, they would 
experience drop, pitch and yaw akin to their wing collapsing in flight. Their hands were in 
dummy control lines, positioned and weighted to feel like those of a typical commercial 
paraglider (Ozone Swift 4, Ozone Gliders Ltd., Edinburgh, U.K.). Without parachute 
deployment, a zipline run would last approximately 12 seconds. 
 
Task 
The aim of the zipline task was to simulate the demands of a reserve throw situation at the 
point in the sequence where the pilot needed to deploy their reserve parachute. From 
experience, this was felt to include overwhelming and conflicting demands on executive 
function and working memory, task switching and motor response. To this end, they were 
asked to look up at two LED lights (Figure 8.2) and, when one switched on, to apply input 
to the control line on the corresponding side for the duration the light was illuminated. At 
the same time, they were given a form of the Verbal Fluency Task (304) which engaged 
executive function and working memory. The task required participants to name as many 
different words as they could beginning with the letter ‘A’, not including people or places 
 173 
or the same words with different endings. They were then released down the line, without 
warning, 15-60 seconds after beginning the zipline tasks. 
 
Thus, at the point of release, participants had their hands in the control lines in their usual 
flying position, their gaze was directed upwards (towards their ‘collapsed wing’) and they 
were experiencing high levels of cognitive load in multiple domains. They then had to 
make a cognitive switch from ‘fixing their wing’ to deploying their reserve parachute as 
soon as they felt movement down the zipline (Figure 8.2). Participants could deploy with 




Figure 8.2. Zipline set up in the moments before release for a participant with a front-
mounted system. (A) Cameras; (B) LED lights; (C) Hands in control lines responding to 




Immediately after their zipline run, participants were asked to rate their deployment 
experience in four domains (engagement with the task, and their feelings of 
instinctiveness, ease and effectiveness of the deployment) on a five-point categorical scale 
(1 = “Not at all”, 2 = “Slightly”, 3 = “Moderately”, 4 = “Very”, 5 = “Completely”). 
 
8.4.6. Ethical Approval 
The study was approved by the University of Portsmouth Science Faculty Research Ethics 
Committee [SFEC 2018-133]. All participants provided informed, written consent and the 
study complied with the Declaration of Helsinki, except for registration in a database. 
Participants’ faces are shown in the images in this chapter with their explicit permission. 
 
8.4.7. Data analyses 
Video analysis and focus groups 
The video footage was edited, analysed and reviewed in Objectus Studio (V 1.0.2, 
Objectus Technology LLC, Philadelphia, USA). Footage from all participants was shown 
to two expert focus groups. The first (Flyeo Paragliding School, Doussard, France; 4 April 
2019) consisted of three senior paragliding instructors, who specialised in training pilots in 
the management of in-flight emergencies. The second (Cranfield University, UK; 26 April 
2019) included the BHPA Chief Technical Officer; the BHPA Emergency Parachutes’ 
Advisor and Senior Parachute Repacker; a Flight Test Engineer from Airbus Ltd. and a 
lecturer in Human Factors from Cranfield University. The discussion from the focus 
groups was recorded, then subsequently transcribed and reviewed using TRINT software 
(TRINT Ltd., London, UK), coded thematically (305) and summarised for presentation. 
 
Quantitative and Statistical Analysis 
Analysis was conducted using R Studio (Version 1.0.143, R Core Development Team, 
version 3.4.1). Distribution of results was assessed using descriptive methods (skewness, 
outliers, and distribution plots) and inferential statistics (Shapiro–Wilk test). Where the 
outcome of the Shapiro-Wilk test was significant, non-parametric tests (typically, 
Wilcoxon Rank Sum and Spearman’s Rank Correlation) were used instead. Multiple 
comparisons were corrected using the Holm-Bonferroni method. Significance was set at p 
< 0.05 and data presented as mean (SD). The different harness and reserve parachute 
combinations were assigned to four categories for grouped comparisons: ‘seated harness, 
under-seat reserve’ (37, 67.2 %), ‘seated harness, front-mounted reserve’ (7, 12.7 %), 
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‘cocoon harness, under-seat reserve’ (10, 18.1 %), ‘cocoon harness, front-mounted reserve’ 
(1, 1.8 %). For comparison of deployment speeds, the primary metric was elapsed time 
from control line release, rather than from the start of zipline descent. This meant that the 
reaction time component (the time taken to realise that the descent had started, and it was 
time to deploy) would not affect the results. 
 
8.5. Results  
8.5.1. Practice station 
Of the 47 participants with under-seat reserves, 33 (70.2 %) were able to reach their 
reserve handle with both hands, while suspended in the harness during the practice station. 
Eight (17.0 %) could do so with difficulty, and six (12.8 %) could reach it with one hand 
only. 
 
8.5.2. Zipline deployments 
Deployment rates and times 
Fifty-three of the 55 participants were able to successfully deploy their reserve parachute 
before reaching the end of the zipline. Of the two that failed, one had an improperly 
packed parachute, while the other grabbed the leg stirrup in addition to the reserve handle, 
which prevented him from extracting the deployment bag from the container (Figure 
8.4B). Though the solution was straightforward (release the stirrup, or grab the bag itself), 
the participant appeared cognitively overwhelmed by the failure and was unable to solve 
the problem in the remaining 7.1 seconds of his zipline run. 
 
Deployment times were moderately right-skewed. For successful deployments, the median 
time from release down the zipline to releasing the deployment bag at the end of the throw 
was 2.46 (IQR 2.15-2.97) seconds, with a minimum time of 1.44 seconds and a maximum 
time of 5.12 seconds (Table 8.1). The median time from control line release to releasing 
the deployment bag was 1.66 (IQR 1.37-2.18) seconds, with a minimum time of 0.84 






Table 8.1. Cumulative times for deployments (median (IQR), in seconds), broken down by 
deployment phases (N = 53). ‘Control line release to bag release’ was the elapsed time 
between letting go of the brake handle and completing the reserve parachute deployment. 
 
Deployment Phase Deployment Time (s) 
Control line release 0.88 (0.61-1.02) 
Handle first touch 1.26 (1.03-1.57) 
Handle grip 1.48 (1.25-1.86) 
Handle mobilised 1.7 (1.46-2.09) 
Deployment bag clear of harness 2.12 (1.82-2.56) 
Deployment bag release (total time) 2.46 (2.15-2.97) 
Control line release to bag release 1.66 (1.37-2.18) 
 
Handle location 
Forty-six (83.6 %) participants turned their heads towards the reserve side but only 14 
(25.4 %) followed the deployment bags’ course once thrown. For participants with under-
seat reserves (n = 47), 40 (85.1 %) first attempted to locate the reserve handle on their hip 
and 7 (14.9 %) on their lateral thigh (irrespective of the handle’s actual position). 
Consequently, only 15 (31.9 %) of these participants touched the handle on the first 
attempt, the majority searched either behind (21, 44.7%), above (6, 12.7 %), forward (3, 
6.4 %) or below (2, 4.3 %) the handle’s true position. In contrast, all participants with 
front-mounted systems located the handle on the first attempt. Those participants who 
located the handle on the first attempt had significantly faster deployment times (median 
1.5 vs. 1.84 seconds, p = 0.007, n = 53) than those who did not. 
 
Deployment bag extraction 
Irrespective of whether the deployment bag in under-seat systems was designed to be 
pulled out laterally or vertically, 33 (70.2 %) of participants’ initial movements was an 
upwards or upwards-backwards pull, effected by shoulder abduction (19, 57.6 %), 
extension (6, 18.2 %) elevation (4, 12.1 %) in combination with elbow flexion. 
 
Throwing action 
Twenty-eight (60.9 %) participants with under-seat reserves threw the deployment bag 
away from the harness in a single sweep, once they had extracted it from the container. 
The remaining 39.1 % attempted to bring the bag upwards and forwards before throwing it 
back (a ‘compound’ action, taught by some schools). The participants who threw with a 
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single, sweeping action had significantly faster deployments than those who employed 
compound actions (median 1.56 vs. 2.33 seconds, p = 0.003, n = 46). However, there was 
no significant difference for those with front-mounted systems. 
 
8.5.3. Participant Factors 
There were no significant correlations between deployment time and participant age, self-
rated anxiety or currency, deployment experience, flying experience, arm length or angles 
of flexion when holding the deployment handle (Table 8.2). 
 
Table 8.2. Correlations between the deployment time (time between releasing the control 
lines and releasing the deployment bag) and participant measures. (N = 50, as five failed 
to fill out the pre-test questionnaire). 
 
Measure n Rs p 
Age 50 0.164 0.255 
Anxiety 50 0.089 0.540 
Currency 50 0.083 0.567 
Flying experience 50 -0.099 0.492 
Deployment 
Experience 
50 0.013 0.928 
Arm length 50 -0.177 0.224 
Elbow flexion 50 0.105 0.474 
Shoulder flexion 50 -0.048 0.744 
 
There were no significant differences in deployment times between female and male (p = 
0.668) participants. Nor were their differences between left- and right-handed participants 
in locating the handle (p = 0.691) or deployment time (p = 0.958). 
 
8.5.4. Post-questionnaire 
Fifty-one of the 55 participants filled out a questionnaire immediately after descending the 
zipline. The other four elected instead to repack their reserves straightaway. Twenty-five 
(49.0 %) stated that they felt either “very anxious” or “mildly anxious” prior to descent. 
Forty-three (82.7 %) stated they were “completely” or “very” concentrated on the lights, 
control lines and verbal fluency test before the zipline released.  
 
 178 
When asked if the deployment felt “instinctive, not requiring conscious thought”, 15 (29.4 
%) answered “not at all” or “slightly”, 15 (29.4 %) answered “moderately”, and 21 (41 %) 
answered “very” or “completely”. Forty-four (86.2 %) found locating the reserve handle 
“easy” or “very easy”. Thirty-six (70.6 %) found deploying the reserve was “easy” or 
“very easy” and 40 (78.4 %) felt their deployment was “effective” or “very effective”. 
 
8.5.5. Focus group observations 
Both focus groups identified similar themes arising from the video footage. Their narrative 
observations have been summarised below, and ordered into the sequence of a reserve 
deployment, beginning with pilot behaviour, and then focussing on individual components 
of the reserve parachute system. 
 
Body position during deployment 
• Participants braced themselves (Figure 8.3A) or made oppositional movements with legs or 
arms (Figure 8.3B) when first released from the tether, and when deploying. Most gripped 
the non-reserve side riser, with their hands either in or out of the control handle. 
• Bracing using the opposite riser (Figure 8.3A) or pulling the handle with a lot of force 
could twist the harness and potentially affect the process of deployment. 
• Long strops exacerbated these movements. 
• Participants tended to curve their body away from the reserve side of the harness, even 










Figure 8.3 (A.) Participant braces themselves by gripping the opposite riser. (B.) 
Participant makes an oppositional movement with their left hand. Both participants curve 
their torso away from the reserve side. 
 
Locating and gripping the reserve handle 
• Participants search for side-mounted handles began at the hip. They would typically slap 
the area of the harness adjacent to their iliac crest with an open palm (Figure 8.4A). If the 
handle was not positioned there, then they would typically search distally along the axis of 
the femur. 
• Front mounted reserve handles appeared to be easily located in all cases. 
• When participants turned their heads towards their reserve, they did not appear to be 
looking for the handle specifically. They only made a concerted effort to look for the 
handle if they had encountered a problem. Their primary focus appeared to be their 
trajectory down the zipline. 
• Other accessories, including stirrups, speed bars and participants’ clothing had the potential 
to confuse participants during handle location (Figure 8.4B). 
• If the initial action failed, some participants would either freeze, or repeat the same action 
multiple times before either deploying, or the end of the zipline. 
• Participants would only throw their reserve once they had closed their grip around the 





Figure 8.4 (A.) Participant’s first attempt to locate the reserve handle is on his hip, despite 
that being significantly behind the red handle’s actual position on his thigh. (B.) 
Participant grabs his reserve handle, and his harness stirrup at the same time, is unable to 




















Deployment bag extraction 
• The majority of participants pulled the reserve handle upwards (Figure 8.5A) even if their 
equipment mandated a lateral pull. They continued to pull upwards, even when the 
deployment bag was stuck. The increased resistance made participants pull harder and they 
would preferentially change their grip to increase the force of upward pull before changing 




Figure 8.5 (A.) Participant attempts to extract deployment bag using an upwards pull, 
causing the bag to stick. (B) Rather than adjust the angle of pull more laterally, the 















Single vs. compound throw for under-seat containers 
• A single, sweeping, backwards throw appeared to be the cleanest, quickest and most 
effective way to deploy the reserve from an under-seat container (Figure 8.6A). 
• Compound movements (Figure 8.6B) appeared more hazardous, with a higher chance of 
entanglement with the bridle or reserve lines (Figure 8.6C). 
• It was unclear whether single or compound movements had more power. However, 
because of the inertia of the deployment bag, compound movements seemed subject to 
‘lag’ and a loss of power when the strop lost tension. Some participants appeared to throw 




Figure 8.6 (A.) Participant throws in a single backwards sweep (single action). (B1.) 
Participant extracts the bag; (B2.) Brings it forwards; (B3.) Throws it back (compound 
action). (C1.) Participant brings the bag forwards; (C2.) Inertia means the bag is still 
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moving forwards when his hand starts to travel backwards to throw; (C3.) This allows the 
reserve bridle to form a loop around his wrist (circled in red). 
 
Deployment bags and containers 
• Deployment bags often appeared to have been installed upside down, which in some 
instances appeared to slow extraction (Figure 8.7A). 
• Deployment bags designed to fit the harness, supplied by harness manufacturers appeared 
to work more cleanly than bags designed to fit the reserve parachute, supplied by reserve 
parachute manufacturers. 





Figure 8.7 (A.) Reserve is installed upside down, and the lines catch on the top of the 
container (circled in red). (B.) The enmeshed hook and loop fastener slows the bridle 
(black webbing, circled in red) from tracking up to the shoulder hang points of the 
harness, despite being under tension from the parachute (the arrow shows its ideal path). 
 
Strop length 
• Correct strop length was crucial in small participants or those with shorter arms. 
• Overly long strops could significantly impede pulling bag from the container and/or reduce 
mechanical advantage (Figure 8.8A). 
• Deployment bags had their own inertia when dangling from the strop. Shorter strops 
helped keep the system under tension and reduce risk of entanglement. 
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• Short strops that attached at the edge and in the centre of the bag helped the participant 





Figure 8.8 (A.) Participant is at maximum extension, but the excessively long strop means 
the deployment bag is still in the container. (B.) The short strop, attached to the centre and 
edge of the deployment bag, facilitates its extraction despite an upward pull. 
 
Points specific to front-mounted systems 
• Front mounted systems appeared to be easily reached with both hands (Figure 8.9A). 
• Handles were always in clear view of the participant. 
• Handle angles/positions that facilitated a sweeping, outward movement appeared to be 
most effective. 
• When the base of reserve container was not secured, the container moved upwards, making 






Figure 8.9 (A.) The participant easily grasps the reserve handle of his front-mounted 
system. (B.) As it was unsecured at the base, the container lifts up before the deployment 
bag is extracted, increasing difficulty of extraction and reducing the mechanical advantage 
of the subsequent throw. 
 
8.6. Discussion 
Reserve parachute deployment is a relatively rare event in paragliding. As a result, it is 
infrequently practiced by pilots and the design of the deployment system has often been 
secondary to other considerations, such as aerodynamics, comfort or equipment mass. 
However, when deployments do occur, pilots may be low to the ground, disorientated and 
under tremendous stress (2). Failure to deploy increases the likelihood of death or severe 
injury. In Helicopter Underwater Escape Training (HUET), lack of consistency in the 
position and opening mechanisms of escape hatches reduced the chances of successful 
escape (306). Some systems were shown to be ergonomically superior to others, given 
participants’ instinctive responses under stress (306). Indeed, if a situation demanded 
choice, or an innovative solution, then humans can take up to ten seconds to respond, with 
either absent, irrational or stereotyped responses in the interim (131, 307). During a 
paragliding emergency, ten seconds can equate to hundreds of meters of lost altitude and, 
if the instability becomes a spiral, acceleration forces sufficient to induce loss of 
consciousness (308). It is therefore essential that the equipment works in harmony with 
pilots’ natural responses under pressure, with minimal cognitive demands and, in 
particular, with no requirement for innovation or problem-solving. 
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Fifty-five amateur pilots were observed deploying their reserve parachutes from a zipline. 
While the study could not replicate the stress of a real emergency, strenuous efforts were 
made to make it as ecologically valid as possible. These included: tasks that ensured 
participants’ body, hands and gaze were in realistic positions; an element of surprise and 
some physical disorientation at the point of release. The zipline task was designed to 
engage the cognitive systems that felt most important during a reserve deployment 
(visuospatial, motor, working memory and executive function) in an overwhelming 
fashion. As 83% of participants stated that they were “completely” or “very” concentrated 
on the tasks before the zipline released, they were forced to make a cognitive switch from 
one task (‘fixing the wing’) to another (‘deploying the reserve’). 
 
Rather than vastly experienced test pilots, 91% of study participants flew less than 50 
hours per year. As in the wider paragliding population, 85% of participants in the study 
had under-seat reserve systems rather than front-mounted systems. While this study 
demonstrated some of the advantages of front-mounted systems, notably handle visibility, 
disadvantages include more complex bridle routing, connection before every flight, 
difficult integration with reversible harnesses and restriction of pilot view. As a result, 
front-mounted systems are less popular, and they did not lead to significantly quicker 
deployment times in this study (so, rejecting hypothesis 2, that front-mounted systems 
would be faster). 
 
The necessity of the study was highlighted by the high proportions of participants who did 
not find their deployments instinctive, easy or effective. Indeed, two (4%) participants 
failed to deploy altogether, with potentially fatal consequences in a real emergency. For an 
essential piece of safety equipment, these implied significant room for improvement, both 
in terms of pilot training and equipment design. 
 
8.6.1. Handle location 
Traditional teaching on reserve parachute deployment is to look for the deployment handle, 
extract the deployment bag, bring it forwards and then throw it hard outwards towards 
clear air, following its course to check it has opened correctly (31). However, while the 
majority of participants turned their heads towards the reserve side, most did not appear to 
fix the handle with their gaze. Instead, they seemed more focussed on their own trajectory 
down the zipline. Only a minority followed the deployment bags’ course. Eye tracking 
studies comparing novice and experienced drivers, summarised in a meta-analysis by 
Robbins and Chapman (309), have demonstrated that search patterns broaden a little with 
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experience (though this was in the context of searching for potential hazards, rather than 
specific objects). In aviation, experience has been shown to increase the efficiency of gaze 
(310). The camera positions in this study did not allow a detailed study of gaze, so it may 
be that flying experience would subtly impact this behaviour, but as best could be 
elucidated, it did not. Therefore, the rationale for teaching people to look at the reserve 
handle might be so that they give the whole process their full attention, rather than simply 
to aid handle location. However, brightly coloured handles, lead lines or arrows pointing to 
the reserve handle might still be useful visual stimuli, both for handle location and as a 
visual reminder to make the cognitive switch from fixing the wing to initiating 
deployment.  
 
Participants appeared to locate their handle more by touch than by sight. Locating the 
handle on the first attempt saved an average of half a second, underlining the importance 
of handle position and design. It was notable that 85% of participants with under-seat 
systems first felt for the reserve handle on their hip (irrespective of the handle’s actual 
position), and then along the line of the femur, which may have indicated a natural tactile 
or proprioceptive response corresponding to the appendicular skeleton (Figure 8.4A). 
 
Moving the handle to the area of the harness overlying the ilium would very likely increase 
success. It would also move it clear of other components of the harness, such as the stirrup 
or speed bar, grasped in error by some participants. Pilots might also be particularly 
vulnerable when switching between harnesses with handles in different positions. 
 
None of the observed participants pulled the handle until they had completely encircled it 
with their grip. Therefore, small handles, flush with the harness, might delay deployment 
(as well as location, especially if wearing thick gloves). However, handles that are too 
large or prominent may increase the chance of an accidental deployment. 
 
Modern aircraft cockpits have evolved to take into account pilot anthropometry, eye 
position (‘eye datum’), fields of vision and naturalistic behaviour (311). Layouts have been 
standardised (for example, the ‘Basic T’ instrument panel xxix). Controls can be ‘coded’ to 
assist speed and accuracy of performance by shape, texture, size, location and movement. 
 
xxix The ‘Basic T’ arrangement: attitude indicator (top centre), airspeed (left), altimeter 
(right) and heading indicator (below centre, under the attitude indicator). 
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These can in turn be used to reinforce the efficiency of their use, for example a ‘grippy’ 
texture can not only differentiate controls but help them be grasped. The most famous 
example of this was by Alphonse Chapanis, who differentiated the landing gear from the 
flaps on the Boeing B-17 with a wheel and triangle, to avoid gear being mistakenly raised 
on approach (312). In their study of helicopter escape mechanisms, Brooks et al. (313) 
concluded that handles should be ‘the same shape, size and located in the same position’. 
Standardisation should not be to the lowest common denominator and has been identified 
as a potential barrier to innovation in aviation (311). However, in this instance, the case for 
a standardised location, handle angle, size, colour and prominence of paragliding reserve 
handles appears strong. 
 
8.6.2. Deployment bag extraction 
The shape of some under-seat deployment containers demanded that pilots pulled the 
deployment bag laterally away from the harness. However, 70 % of participants’ initial 
movements was an upwards or upwards-backwards pull, even if the harness design 
demanded otherwise (Figure 8.5A). This caused resistance to bag extraction, but 
participants were observed to adjust their grip to pull upwards even harder when they felt 
resistance, rather than change their angle of pull (Figure 8.5B). This apparent tendency to 
pull upwards, rather than outwards, may have been due to participants’ desire to extract 
their reserve parachute with strength and urgency, or their expectation of how it ‘should’ 
come out. In HUET, Brooks et al. (306) commented both on the tendency of those under 
stress to expect systems to work in a particular way, while noting that ‘under the threat of 
drowning, mechanical actions are very deliberate and very forceful… the response is all or 
nothing’. Pulling upwards predominantly engaged the biceps and large muscles of the 
chest and upper back, while keeping the arms close to the body. To extract it laterally 
required participants to abduct and rotate at the shoulder and then pull the bag out using 
the triceps and lateral deltoid from a relatively weak (and vulnerable) point in the 
shoulder’s arc. This weaker movement may have felt less instinctive to participants under 
the stress of deployment, even though it was what the equipment demanded of them.  
 
Difficulty in extracting the deployment bags was also increased by strops that were too 
long for the pilot (Figure 8.8A) while short strops positioned to convert upward to outward 
movement appeared to facilitate extraction (Figure 8.8B). It is therefore essential that 
future designs accommodate all angles of pull, including directly upwards, rather than 




While those with front-mounted systems generally extracted the deployment bags with 
relative ease, it was notable that if the front-mounted container was unsecured at base, it 
could lift up with the handle pull, increasing difficulty and reducing mechanical advantage 
(Figure 8.9B). This would be a very straightforward issue for manufacturers to correct. 
 
8.6.3. Throwing action 
The participants who threw with a single, sweeping action (Figure 8.6A) had significantly 
faster deployments than those who employed compound actions (Figure 8.6B). Video 
analysis also demonstrated that, because of the inertia of the deployment bag, it appeared 
to ‘lag behind’ the throwing hand during compound actions. This caused a loss of throwing 
power and appeared to increase the risk of entanglement. In one deployment, it led to the 
bridle wrapping around the participant’s wrist. If that had occurred in flight, it would likely 
have caused a severe trauma to the upper limb when the reserve opened (Figure 8.6C). In 
another, it led to the participant’s face being covered in the lines of the reserve parachute. 
 
While some participants appeared to throw powerfully and with intention, others let the 
bag drop. The importance of a powerful throw will vary, depending on the situation. In 
emergencies where the paraglider is falling fast, or with considerable rotational forces, a 
reserve dropped into the air mass would inflate rapidly. However, in a low-speed but 
uncontrolled descent, throwing more powerfully might lead to a faster inflation. Based on 
participants’ performance during the study (which had little spatial disorientation, limited 
acceleration, and only moderate stress), it is unrealistic to hope pilots that would have the 
presence of mind to throw the parachute in a particular direction (as advised by some 
schools) or execute a safe compound throwing action during acute severe stress. Therefore, 
it is felt that a single, backwards, powerful, sweeping throwing action should become the 
standard method to deploy a reserve parachute. 
 
8.6.4. Participant factors 
It was hypothesised that prior experience of reserve deployment would be correlated with 
improved performance in the study, but that hypothesis (hypothesis 1) was rejected. There 
were also no strong associations between deployment time and participant age, sex, 
handedness, self-rated anxiety or currency, flying experience, arm length or angles of 
flexion when holding the handle. 
 
 190 
This might be considered surprising. However, in the opinion of the expert focus groups, 
even those participants with the most experience of deployment were still very 
undertrained in the task (reflecting the wider paragliding population). They felt that the 
effects of anxiety, currency or time flying were also likely to pale in comparison to those 
of undertraining. They were therefore unsurprised at the lack of associations and viewed it 
as another argument for strengthening reserve deployment training. 
 
While handedness affected the behaviour of the non-reserve side hand, it did not affect 
deployment time, perhaps because the handle is invariably on the right, and grasping it 
does not require precision movement. Arm length and angles of flexion when grasping the 
reserve handle were also not associated with deployment times, likely because grasping the 
handle only required moderate, rather than extremes of flexion and therefore did not differ 
much between pilots. 
 
It was hypothesised (hypothesis 3) that some participants would show examples of 
‘freezing’ or other maladaptive behaviours. Leach (314) has described a set of maladaptive 
behaviours in acutely stressful situations that reduce, rather than increase, the chances of 
survival. These included losses of initiative, stereotypy, perseveration of thought and 
action, hyperkinesia, hypokinesia, and, in extreme cases, akinesia or cognitive paralysis. It 
has been postulated that this due to a disablement of executive function, leading to inability 
to problem solve, in the absence of any pre-learned behaviour to take its place (131). In 
HUET, some participants were observed remaining in their seats and repeatedly pushing 
the handle, even though the window had already jettisoned (306). Several participants in 
this study displayed evidence of these behaviours. The participant in Figure 8.4B froze. 
The participant in Figure 8.5 changed her grip to pull harder in the wrong direction. Two 
others showed evidence of repeated actions (perseveration) despite those actions failing to 
deploy the reserve parachute. The hypothesis was accepted.  
 
8.6.5. Study limitations 
The most important limitation was that, unlike in a real emergency, there was no threat to 
life. There was no requirement for altitude awareness and also no inhibition to throwing 
the reserve: in live flight, there is always a judgement required to balance the need to 
deploy with the likelihood of fixing the main wing and the risks of deployment. While this 
study model was able to provoke some anxiety (which may have improved or impaired 
performance depending on the participant), participants were always aware that they were 
safe and were never in doubt that throwing the reserve was the correct decision. 
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When descending the zipline, participants primarily experienced linear, forward 
acceleration (Gx forces). However, in many emergencies there are significant and 
disorientating rotational forces (see Chapters 2 and 4). These would likely have 
exacerbated many of the difficulties faced by our participants in the study, particularly the 
30% of participants who could only locate the handle easily with one hand. Rotational 
acceleration would also have exaggerated any mechanical disadvantages caused by, for 
example, long strops or a requirement to laterally extract the deployment bag. The effect of 
radial acceleration on reserve deployment is explored in Chapter 9 (Experiment 4). Other 
limitations included a self-selected sample, a practice at handle location before deployment 
(an opportunity that may not occur in life) and standardisation of gloves and control line 
grip. All of the limitations above meant that participants in the study had an easier task 
than those in a real emergency. Therefore, the issues highlighted by the study might be 
considered more pressing given the study’s limitations, rather than less. As will be 
discussed in Chapter 10, it would have also been desirable to quantify intra-individual 
variability by allowing participants repeated runs on the zipline. However, the logistical 
constraints of the day did not allow for this. 
 
8.7. Conclusion and recommendations 
Accepted hypothesis 
1. There would be examples of ‘freezing’ or other maladaptive behaviours 
 
Rejected hypotheses 
2. Participants with previous deployment experience would have faster, more successful 
deployments. 
3. Front-mounted reserve systems would be faster than under-seat mounted systems. 
 
Real emergency parachute deployments are rare and carry their own hazards. By 
definition, they happen during emergencies and so are not easily studied prospectively in 
the field. Equally though, divorcing the action of deployment from its context makes any 
lessons learned hard to value. This study attempted to characterise reserve parachute 
deployment in a standardised, yet ecologically valid manner, generating a number of 
recommendations for improved training and design. It also identified preservation and 
freezing behaviours in the context of reserve deployment that might indicate underlying 
cognitive dysfunction for future investigation. 
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8.7.1. Recommendations for training and design 
This study demonstrated that it is essential that the reserve system works in harmony with 
pilots’ natural responses under pressure. Once the decision to deploy has been made, there 
may be little time, altitude or cognitive reserve left for the pilot to resolve any issues. It is 
therefore recommended that: 
 
1. Under-seat systems should position reserve handles on the hip. 
2. Handles should be easily encircled by the grip and positioned clear of other harness 
components. 
3. Manufacturers should consider brightly-coloured handles, ‘lead lines’ or arrows as visual 
cues to the existence and location of the reserve. 
4. Deployment bags be supplied with the harness, strop and handle as part of an integrated 
system, including an indication of correct orientation during packing. 
5. If they are supplied separately, then care should be taken to ensure the strop is of the 
correct length for the pilot. A correctly sized strop is one long enough to avoid pulling or 
rotating the deployment bag before the pins are released, but short enough that deployment 
bag can be pulled well clear of the harness before the pilot’s elbow and arm are fully 
extended. 
6. The deployment bag should be extractable at any angle within 90 ° of the horizontal. 
7. Front mounted reserve containers should be secured at the base to prevent them lifting 
when pulling the reserve handle. 
8. Pilots need to increase their reserve deployment drills by an order of magnitude. They 
should be encouraged to do so as part of a ‘post-take off check’ and well as multiple times 
during the flight. 
9. Paragliding students need a better understanding of their reserve systems as part of their 
basic training. This should include reserve fitting, bridle routing, and the importance of 
periodically loosening hook-and-loop fasteners. Making in-flight, or zipline deployments 
mandatory components of training would be impractical. However, before finishing their 
course, students should sit in a harness suspended from a hang point and practice throwing 
multiple times with a dummy reserve to understand the angles and forces required. Ideally, 
qualified pilots would also undertake similar practices when buying a new harness or 
reserve parachute. This might be difficult to implement as most equipment is bought over 
the internet. However, it could be an example of best practice. 
10. Deployment in a single sweeping action should be encouraged in preference to compound 
actions, or complicated instructions to throw in particular directions in different situations. 
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Chapter 9. Experiment 4 - Reserve Parachute Deployment with 
Radial Acceleration 
We gratefully acknowledge Dr Becky Charles and her team at RSSB for advice regarding 
study design and analysis, and the study team of Geoff Long, Seli Metzger, Florian 
Heuber, Dave Thompson, Jessi Barlow, Matt Wilkes, Hannah Müller and Josef “Sepp” 
Fasching for assistance with data collection. 
 
9.1. Introduction and approach 
9.1.1. Rationale for the experiment 
In Chapter 8, fifty-five paraglider pilots were filmed deploying their reserve parachutes. 
The aims were to characterise pilots’ instinctive responses to reserve parachute 
deployment, describe the performance of the different reserve parachute systems, 
recommended changes to training or design and identify behaviours that might indicate 
underlying cognitive dysfunction for future investigation. The results generated lively 
discussion within the paragliding community, and with equipment manufacturers. The 
work had two major limitations. The first was that there was no jeopardy, so pilots had no 
hesitation in throwing the parachute. The second was that linear (Gx) acceleration down a 
zipline was not representative of the majority of paragliding emergencies, which involved 
rotational forces (Chapters 2 and 4). 
 
Acceleration under rotation (radial acceleration) is produced by a change in the direction of 
motion. There are three potential semi-stable rotational configurations encountered during 
a paragliding emergency, or deliberately induced as descent techniques or during acrobatic 
routines. These are spin, SAT xxx and spiral. In a spin, the center of rotation is within wing 
itself (Figure 9.1A). In a SAT, it lies between the pilot and the wing (Figure 9.1B) and, in a 
spiral, it lies beyond both the pilot and wing (the longest radius of rotation, Figure 9.1C). 
Spins are rarely sustained for more than a few seconds and occur primarily in the yaw axis, 
with the Gz vector aligned with the axis of rotation. Consequently, the pilots experience 
minimal Gz load in spin. SATs often develop following an uncorrected asymmetrical 
collapse, building steadily in speed (‘autorotation’) until they become established. Spirals 
are induced by slowing one side of the glider, until it is flying in a stable rotational 
 
xxx ‘Safety Acro Team’, the team name of the pilots who first performed the manoeuvre in 
competition.  
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configuration towards the ground. In SATs and spirals the Gz vector is perpendicular to the 
axis of rotation, generating significant Gz loads. They can be sustained until all altitude is 
lost. The ratios between angular velocities and radii of rotation in these manoeuvres are 
such that Gz loading is typically less strong in SATs than spirals. Consequently, SAT and 




Figure 9.1 (A.) Spin: the centre of rotation is the wing itself. (B.) SAT: the centre of 
rotation is between the pilot and wing, (C.) Spiral: the centre of rotation is beyond the 
pilot and the wing. (X) represents the vertical Z-axis, and the centre of rotation. (Basia 
Lesniewska, with permission.) 
 
Sustained acceleration of more than one to two seconds induces significant physiological 
changes. In radial acceleration, the resultant inertial force in the head-to-foot direction is 
termed Gz. With increasing Gz acceleration, the weight of the body increases, placing 
strain on the musculoskeletal system. The heart and diaphragm descend, and blood is 
shifted towards the more dependent parts, evoking baroreceptor reflex compensation in the 
cardiovascular system. Visual symptoms predominate: first, cone-shaped visual loss 
(‘grey-out’) affecting the periphery, followed by complete loss of vision (‘black-out’). 
Consciousness can be almost lost (‘A-LOC’) or totally lost consciousness (‘G-LOC’) (12, 
193, 315, 316). G-LOC involves a period of absolute incapacitation, followed by relative 
incapacitation (confusion and disorientation) as consciousness is regained. Tolerance to G 
is variable, trainable and mitigatable, affected by temperature and hydration, blood glucose 
concentration, alcohol, hypocapnoea, hypoxia, infection, previous exposure and currency 
(12, 176). In the context of the reserve parachute throw, Gz might specifically affect the 
accuracy and force of arm movements (317, 318) in addition to its potential for global 
disorientation and incapacitation. Distortion of the harness and movement of the 




1. Describe the effects of radial acceleration on the pilot, their paragliding equipment and the 
interactions of the two during reserve parachute throw. 
 
2. Build on, and refine, the work of the previous experiment in linear acceleration to make 
recommendations to improve the chances of successful deployment. 
 




1. Spiral would be more disorientating than SAT (due to higher G loading). 
2. Locating the handle would be slower in radial than linear acceleration (as a result of greater 
disorientation). 
3. Overall deployment would be faster in radial acceleration (less effort required to throw). 
4. Participants’ search for the reserve handle would begin on the hip (based on the zipline 
experiment). 
5. More participants would pull directly upwards under radial acceleration than in linear 
acceleration (based on the zipline experiment). 
6. There would be evidence of perseveration and freezing behaviour in some participants 
(based on the zipline experiment). 
 
9.4. Methods 
9.4.1. Participant selection 
An initial call for participants was made via the German Hang gliding and Paragliding 
Federation (DHV) website. Two hundred and forty pilots responded to the initial call, of 
which ninety were selected by the instructors at Flugschule Hochries. The instructors 
endeavoured to choose a broad but representative range of ages, experience and 
equipment. Eighty-eight participants took part in the experiment (two self-excluded for 
potential COVID-19). The mean age of participants was 41.52 (10.4) years. Twenty-seven 
were female (30.7 %) and 61 (69.3 %) male. Eighty-one (92.0 %) were right-handed and 7 
(8.0%) left-handed. The participants had been flying for a median of 5 (IQR 2-11) years 
and flew a median of 30 (IQR 20-50) hours per year. Fifty (56.8 %) had previously 
attempted a spiral dive in flight. Thirty-one (35.2 %) had previously practiced reserve 
deployment in a gym (similar to Chapter 8), 17 (19.3 %) during flight training (SIV), and 
four (4.5 %) in the G force trainer. 
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9.4.2. Centrifuge location 
The study used the centrifuge at Flugschule Hochries, Brannenberg, Germany. It could 
generate forces of up to 7 G when turning in a clockwise direction and 3 G in an 
anticlockwise direction, calibrated at the back of the harness (at the approximate level of 
the pilot’s heart). 
 
9.4.3. Paragliding equipment 
All participants used their own paragliding harness and reserve parachute system. As in the 
zipline experiment, participants were issued with the same standardised, appropriately-
sized gloves (Dura Gloves Etouch, DeFeet International, Hildebran, USA), lightweight 
paragliding helmet (Supair Pilot, Supair VLD, Annecy, France) and asked to hold the 
control handles in an open ‘beginner’ grip, to eliminate glove-thickness and control handle 
entanglement as confounding factors (Figure 9.3). 
 
Reserve systems were partially disabled using rachet straps prior to testing (Figure 9.2A). 
This was to ensure that while participants could deploy their reserve parachute container as 
normal, the parachute itself would not open while they were spinning on the centrifuge 
(with risks of injury or damage to equipment). A safety line was also attached between the 
reserve handle and the nearside karabiner, in case a reserve bridle proved too long for the 
width of the room (Figure 9.2B). Once a run was completed, the safety line was removed, 
and the reserve system was reenabled. The reenabling of the reserve was checked by both 
Flugschule Hochries staff and the participant themselves, and the rachet straps were 





     
 
Figure 9.2 (A.) Reserve parachute disabled using yellow rachet straps (buckle on ‘line’ 
side of container, circled in red). (B.) Yellow safety line between reserve handle and right-
side karabiner (arrow). 
 
9.4.4. Filming equipment 
The centrifuge runs were filmed by two cameras: a GoPro Hero 5 (GoPro Inc., San Matteo, 
USA), attached to the centrifuge arm to give a wide view, and a GoPro Hero 7 that moved 
with the pilot to provide a close up-of the reserve handle (Figure 9.3). Both were set to 2.7 






Figure 9.3. Participant in recumbent (‘pod’) harness, looking up at the LED lights (a.), 
with hands in the brake lines (b.) wearing standard gloves (c.) and helmet (d.) being filmed 
by cameras in wide view (e.) and close-up handle view (f.). 
 
9.4.5. Study process 
Briefing, initial questionnaire and consent 
Participants were sent information on the study via email and were also given a standard 
briefing on the day of the study. The briefing included a demonstration of the task, along 
with the opportunity to ask questions about the study process. Participants filled out a pre-
test questionnaire, which included demographic and equipment details, along with 
measures of flying, reserve deployment and G force experience (spiral dive in flight, 
formal training on a centrifuge) and gave written consent. The briefing, and all forms were 
in their native language (German). 
 
Task 
As with the zipline study in Chapter 8, the task sought to simulate the demands of a reserve 
throw situation, including overwhelming and conflicting demands on executive function 
and working memory, cognitive switching and motor response. To this end, they were 
asked to look up at two LED lights and, when one switched on, to apply input to the 
control line on the corresponding side for the duration the light was on. At the same time, 
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they were given a form of the Verbal Fluency Task (304) which engaged executive 
function and working memory. The task required participants to name as many different 
words as they could beginning with the letter ‘A’ (in German). After ten seconds, the 
centrifuge began to turn. As soon as it reached the target G loading, the LED lights turned 
red and a buzzer sounded as a signal for the pilot to deploy. Thus, at the point of 
deployment, participants had their hands in the control lines in their usual flying position, 
their gaze was directed upwards (towards their ‘collapsed wing’) and they were 
experiencing high levels of cognitive load in multiple domains (judged by their ability to 
maintain both tasks simultaneously to that point). They then had to make a cognitive 




The Day 1 (N = 43) participants were accelerated in a clockwise direction (facing 
forwards, Figure 9.1C) to a maximum of 4 Gz, simulating a spiral dive. The Day 2 (N = 
45) participants were spun in an anti-clockwise direction (facing backwards, Figure 9.1B) 
to a maximum of 3 Gz, simulating a SAT. In spiral, it took 14 seconds to reach 4 G from 
stationary and 12 seconds to reach 3 G in SAT. Each run was around twenty seconds in 
total, depending on how long the participant took to throw their reserve. 
 
If there were issues with deployment, then participants undertook further centrifuge runs to 
ensure that they could deploy successfully before leaving the study centre. Only the first 
run was included in the quantitative analysis, but footage of any additional runs was 
available for the qualitative discussions. 
 
Given that all the harnesses in the study had their primary reserve parachute handles 
positioned either in front, or on one side of the harness only (right side), it would have 
been desirable to test participants with the handle on the outside, as well as the inside, of 
the rotation. However, this was limited by the design of the centrifuge. Equally, we were 
only able to test SAT at a maximum of 3 G, but that limitation also brought an element of 
ecological validity, due to the lower G forces typically experienced in SAT. 
 
Post-run interview 
Immediately after their centrifuge run, participants were interviewed by a bilingual 
German/English speaking investigator and paraglider pilot. They were asked to rate their 
experience in six domains (anxiety, engagement with the task, disorientation due to G 
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forces and their feelings of instinctiveness, ease and effectiveness of the deployment) using 
a five-point categorical scale (1 = “Not at all”, 2 = “Slightly”, 3 = “Moderately”, 4 = 
“Very”, 5 = “Completely”). They were asked specific questions on whether they 
experienced any G force symptoms or attempted any anti-G techniques, and to comment 
freely on their centrifuge run. The interviews lasted approximately ten minutes, during 
which the investigator made notes, then she immediately translated their responses into 
English before interviewing the next participant. 
 
9.4.6. Ethical Approval 
The study was approved by the University of Portsmouth Science Faculty Research Ethics 
Committee [SFEC 2018-133A]. All participants provided informed, written consent and 
the study complied with the Declaration of Helsinki, except for registration in a database. 
Participants’ faces are shown in the images in this chapter with their explicit permission. 
 
9.4.7. Data analyses 
Video analysis and focus groups 
The video footage was edited, analysed and reviewed in Objectus Studio (V 1.0.2, 
Objectus Technology LLC, Philadelphia, USA). The intention was to conduct in-person 
focus group sessions in a similar manner to the studies in Chapter 8, however this was 
limited by the logistical constraints of the COVID-19 pandemic. Instead, footage was 
reviewed separately by two subject matter experts (an ergonomist and a senior paragliding 
instructor) and then discussed via Zoom (Zoom Video Communications Inc., Delaware). 
The online format meant that the discussions were organised thematically, rather than by 
each video in turn, ordered by 1) pilot behaviour; 2) equipment performance; 3) 
differences between zipline, spiral and SAT studies; 4) recommendations for training, 
practicing pilots and manufacturers; 5) future work.  
 
Quantitative and Statistical Analysis 
Analysis was conducted using R Studio (Version 1.0.143, R Core Development Team, 
version 3.4.1). Distribution of results was assessed using descriptive methods (skewness, 
outliers, and distribution plots) and inferential statistics (Shapiro–Wilk test). Where the 
outcome of the Shapiro-Wilk test was significant, non-parametric tests (typically, 
Wilcoxon Rank Sum and Spearman’s Rank Correlation) were used instead. Multiple 
comparisons were corrected using the Holm-Bonferroni method. Associations between 
categorical variables were tested using Pearson’s chi-square test for independence. 
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Significance was set at p < 0.05 and data presented as mean (SD). As in Chapter 8, the 
different harness and reserve parachute combinations were assigned to four categories for 
grouped comparisons: ‘seated harness, under-seat reserve’ (54, 61.3 %), ‘seated harness, 
front-mounted reserve’ (7, 8.0 %), ‘cocoon harness, under-seat reserve’ (23, 26.1 %)  and 
‘cocoon harness, front-mounted reserve’ (4, 4.5 %). For comparison of deployment speeds, 
the primary metric was elapsed time from control line release, rather than from the signal 
to deploy. This meant that the reaction time component (the time taken to recognise the 
signal and that it was time to deploy) would not affect the results. 
 
9.5. Results 
9.5.1. Deployment rates and times 
Eighty-six of the 88 (97.7 %) participants were able to successfully deploy their reserve 
parachute before termination of their centrifuge run. Of the two that failed, one had an 
older harness with a known safety issue, while the other ‘froze’ and was unable to 
complete the task.  
 
Deployment times were heavily right-skewed. For successful deployments, the median 
time from the deployment signal to releasing the deployment bag at the end of the throw 
was 2.00 (IQR 1.7-2.32) seconds, with a minimum time of 1.22 seconds and a maximum 
time of 6.28 seconds. The median time from control line release to releasing the 
deployment bag was 1.36 (IQR 1.14-1.64) seconds, with a minimum time of 0.80 seconds 
and a maximum time of 4.26 seconds. There were no significant differences in deployment 














Table 9.1. Cumulative times for deployments (median (IQR), in seconds), broken down by 
deployment phases. ‘Control line release to bag release’ was the elapsed time between 
letting go of the brake handle and completing the reserve parachute deployment.  
 
Deployment Phase Spiral 




N = 88 











































9.5.2. Deployment process 
Task focus 
Thirty-three (37.5 %) of participants were able to continue both the verbal and physical 
tasks until the deployment signal. Twenty-seven (30.7 %) focussed exclusively on the 
verbal task, continuing to generate novel words, but neglecting the control lines once the 
centrifuge started to turn. Thirteen (14.8 %) focussed on the physical task, operating the 
control lines but no longer generating words. Fifteen (17.0 %) appeared overwhelmed by 
the acceleration forces and engaged in neither the physical nor verbal tasks once their 
centrifuge run began. In the interviews following their centrifuge runs, 71 (80.6 %) stated 
they were “completely” or “very” concentrated on the task before the signal to deploy. 
There were no significant differences between spiral and SAT for task completion (c2 [3 
df, N = 88] = 0.94, p = 0.815), or task focus scores (p = 0.832). 
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Symptoms of acceleration 
In the post-run interviews, 39 (44.3 %) stated they were ‘not at all’, 23 (26.1 %) ‘slightly’, 
15 ‘moderately’ (17.0 %), and 11 (12.5 %) ‘very’ disorientated by the acceleration forces. 
There were no significant differences between spiral and SAT for disorientation scores (p 
= 0.986). Reported symptoms of acceleration felt by participants were pressure (15.9 %), 
dizziness (14.7 %), impaired concentration (11.4 %), disorientation (10.2 %), nausea (5.7 
%) and peripheral visual loss (4.5 %). The majority (66, 75 %) of participants did not try to 
actively counter the acceleration forces, though 16 (18.1 %) attempted some form of 
isometric muscular contraction and 6 (6.8 %) some form of modified breathing technique. 
 
Head position and gaze 
The majority of participants (62, 70.5 %) maintained their gaze in a forward direction 
throughout the deployment. Twenty (22.7 %) looked towards the reserve and 6 (6.8 %) 
looked towards the reserve only after initially struggling to locate the handle by touch 
alone. Only 6 (6.9 %) of the 87 pilots who deployed successfully followed their reserve’s 
course. The remainder looked forwards after the deployment. There was no significant 
difference in deployment time between those who looked first for their reserve and those 


















The participants’ hand positions at the point of deployment depended on whether or not 





Figure 9.4 (A.) Participant with hands at the normal ‘riser’ level. (B.) Participant with 
hands locked below the karabiners, close to the stall point, at the point when the red light 
illuminated signalling them to deploy. 
 
For those in spiral, 15 (34.9 %) attempted the tasks with their hands at the normal level for 
controlling the paraglider (in line with the risers) while 28 (65.1 %) kept them at or below 
the level of the karabiners, in a position that might cause a wing to stall (Figure 9.4B). For 
those in SAT, 10 (22.2 %) had their hands at riser level, with 35 (78.8 %) at or below the 
karabiners. For the 46 participants able to focus on both or the control line components of 
the task, the majority (25, 54.3 %) kept their hands active at the level of the risers. All of 
the 42 participants who focussed on the verbal task, or on neither task, had their hands 
below riser level. Those in SAT, and those who were focussed on either the verbal task, or 
on neither, were more likely to ‘lock’ their hands at or below the level of the karabiners, 






During successful deployment, 47 (54.0 %) gripped the riser with their non-reserve side 




Figure 9.5 (A.) Participant grips the riser with her left (non-reserve) hand as she deploys. 
(B.) Participant’s left hand has released the brake and remains mobile. 
 
Handle location 
The majority (44, 57.9 %) of participants with underseat reserves who deployed 
successfully (N = 76) first attempted to locate their handle on their hip (Figure 9.6A), 
while the remainder (32, 42.1 %) searched on their thigh (Figure 9.6B), irrespective of 








Figure 9.6 (A.) Participant in spiral first attempts to locate the handle on their hip. (B.) 
Participant in SAT feels first on the thigh. 
 
However, the initial point of contact was also dependent on the direction of centrifuge 
motion. For those in spiral (N = 35), 29 (82.9 %) began their search for the handle on their 
hip (Figure 9.6A) and six on the thigh (17.1 %). However, for those in SAT (N = 41), 26 
(63.4 %) attempted to first locate the handle on their thigh (Figure 9.6B), and 15 on their 
hip (36.6 %). This difference in initial point of contact between spiral and SAT was 
statistically significant (c2 [1 df, N = 76] = 14.74, p = 0.0001). Consequently, in spiral, 
only 6 (17.1 %) of the participants touched the handle on the first attempt, the majority (24, 
68.6 %) first searched behind the handle’s true position. In SAT, 12 (29.2 %) located the 
handle on the first attempt, while 13 (31.7 %) were too far forward and 10 (24.4 %) 
behind. 
 
Participants with front-mounted reserves (N = 11) touched the handle on the first attempt 
in 5 (45.5 %) of cases. However, in four cases, their hands went first to their hip or thigh, 
as if looking for an underseat reserve. Participants with front-mounted reserves were 
significantly slower to locate their handle than those with underseat reserves (median 0.5 
vs. 0.3 secs, p = 0.034), but the overall difference in deployment time was not significant 
(1.56 vs. 1.34, p = 0.21). 
 
Those participants who located the handle on first touch had faster median deployment 




In the post-run interview, 74 (84.1 %) found locating the reserve handle ‘very easy’ or 
‘easy’, 7 (8 %) ‘neither easy nor difficult’ and 7 (8.0 %) ‘difficult’. 
 
Deployment bag extraction 
Irrespective of whether the deployment bag in under-seat systems was designed to be 
pulled out laterally or vertically, 19 (54.3 %) of the 35 spiral and 19 (46.3 %) of the 41 
SAT participants pulled the handle more vertically (defined as less than 45° to the side 
wall of the harness, Figure 9.7A) and the remainder more laterally (Figure 9.7B). There 
was no significant difference in pull direction between spiral and SAT (c2 [1 df, N = 76] = 




Figure 9.7 (A.) Participant pulls handle directly upwards. (B.) Participant pulls the handle 
directly outwards. 
 
During extraction, participants with underseat reserves tended to curve their body either 
towards or away from the reserve side, with a minority leaning backwards or forwards. In 
spiral, 18 (51.4 %) curved away and 13 (37.1 %) curved towards the reserve side. In SAT, 
25 (61.0 %) curved towards the reserve side and 6 (14.6 %) curved away. Participants with 





Eighty-six of the 87 participants who attempted deployment (98.9 %) threw the 
deployment bag away from the harness in a single sweep, once they had extracted it from 
the container. 
 
9.5.3. Post-run interview 
Overall instinctiveness, ease and efficacy 
When asked in the post-run interview whether the deployment felt ‘instinctive, not 
requiring conscious thought’, 54 (61.4 %) answered ‘completely or ‘very’, 24 (27.3 %) 
‘moderately’ and 10 (11.4 %) ‘slightly’ or ‘not at all’. Seventy-one (80.6 %) found 
deployment ‘very easy’ or ‘easy’, 7 (8 %) ‘neither easy nor difficult’, 7 (8.0 %) ‘difficult’ 
and 2 (2.2 %) ‘very difficult’. Fifty-nine (67.0 %) felt their deployment was ‘very 
effective’ or ‘effective’, 22 (25 %) ‘neither effective nor ineffective, 6 (6.8 %) ‘ineffective’ 
and 1 (1.1 %) ‘very ineffective’. 
 
Summary of free comments 
Free comments were reviewed and iteratively coded. The key themes that emerged related 
to task demands, G forces, handle location and difficulty of throw (Table 9.2). 
 
Table 9.2. Comments made by participants during their post-run interview, categorised 
thematically, and by configuration. Presented as the number of pilots whose comment fell 
into each category (percentage of pilots in each group). 
 
Theme Code Spiral (%) 
N = 43 
SAT (%) 
N = 45 
Cognitive task Highly demanding 5 (11.6) 9 (20) 
G forces Weaker than expected 4 (9.3) 1 (2.2) 
 Stronger than expected 9 (20.9) 4 (8.9) 
 Limits of tolerance 2 (4.7) - 
Handle location Easier than expected 1 (2.3) - 
 Harder than expected 3 (7.0) 8 (17.8) 
Throw Easier than expected 5 (11.6) 1 (2.2) 
 Harder than expected 4 (9.3) 9 (20) 
 Lack of power 1 (2.3) 5 (11.1) 
 Lack of directional control 3 (7.0) 7 (15.6) 
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9.5.4. Participant factors 
There were no strong or significant associations between deployment time and participant 
age, handedness, hours per year, years flying, deployment experience or self-rated anxiety 
or disorientation. 
 
One participant displayed freezing behaviour and failed to take any deployment action at 
all. Four others showed clear evidence of perseveration. All of these participants were also 
unable to complete both the verbal and physical tasks prior to the signal to deploy. 
 
9.5.5. Subject matter experts’ observations 
Pilot behaviour 
• Appeared generally less stressed than on the zipline: perhaps because there was no sudden 
drop, and no time limit (as opposed to running out of zipline). 
• During the task, arm movements sometimes became synchronised with breathing, rather 
than responding to the lights. 
• SAT appeared more challenging to pilots than spiral, despite lower G forces. 
• No differences in behaviour or performance between left and right-handed participants. 
• Participants searched for the handle relative to skeletal landmarks (hip, femur). 
• Rarely looked directly at the handle, participant gaze was towards direction of travel. 
• Limited head control under G force, especially during SAT. 
• Little directional control during the throw, and in almost all pilots the bag was naturally 
swept back in a single motion. 
 
Equipment performance 
• Performance was generally good. 







Figure 9.8 (A.) Prominent handle, easily encircled by the grip, led to an efficient 
deployment. (B.) The participant struggled to grip this vertical handle as they could not 
encircle their fingers and thumb around it. (C.) The participant struggled to feel this thin 
handle (green wire loop, circled in red), flush with the harness, so had to search for some 
time before hooking a thumb through the handle wire. 
 
• Deployment bags stuck less on the edges of the containers than in linear acceleration, 
though sometimes corners of the bag appeared to catch (Figure 9.9A). 
• Front mounted reserves did not offer advantages over underseat systems, and in some 
instances appeared to add complexity. Pilots’ instincts were occasionally to search for an 




Figure 9.9 (A.) Despite an integrated system, the deployment bag catches on the corner of 
the container (corner circled in red). (B.) The participant searches for the reserve on their 
hip (hand circled in red), despite the reserve being mounted in front (red handle).  
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• Some pilots had seen the zipline video and modified their equipment according to the 
recommendations, in particular securing front-mounted reserves at the base. 
• Some issues, previously flagged up by manufacturer’s safety notices, remained uncorrected 
and continued to cause problems. (Figure 9.10). Those problems were corrected following 





Figure 9.10. This participant’s harness was subject to manufacturer’s safety notice.xxxi 
However, no remedial action had been taken and the bag failed to deploy, despite the 
participant trying to extract it first with one hand (A) and then both hands (B). It took two 
sets of corrections, and further runs on the centrifuge before it was opening satisfactorily. 
 
• The strapping of the reserve to prevent deployment, and the additional safety line, did not 
appear to impact pilot or equipment performance. 
 
9.6. Discussion 
Eighty-eight participants threw their reserve parachute while rotating in either spiral or 
SAT configuration on a centrifuge. Just over half (50, 56.8 %) had attempted spiral dives 
before, and exactly half had deployed their reserve parachute in the past (42 in training and 
two in live flight). Akin to the general flying population, the majority of pilots (54, 61.3 %) 
used sit harnesses, with under-seat mounted reserve parachutes. 
 
xxxi Supair. Safety Warning: Delight harness reserve parachute extraction sequence. 15 
March 2013 (2013/03/PRO.DEL). 
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Task demands of spiral and SAT – hypothesis 1 
Participants engaged well with the tasks and, as hoped, found them very challenging. Only 
a third were able to continue both the verbal and the physical tasks until the deployment 
signal. The remainder could only maintain their attention on one task, or neither, once the 
centrifuge began to turn, despite 80.6 % stating they were ‘completely’ or ‘very’ 
concentrated on the tasks. 
 
Despite lower G forces, SAT appeared to be the more taxing of the two configurations 
(rejecting hypothesis 1). In motion, ‘whole body’ orientation is derived from perceptions 
of the visual and force environments. The decoupling of their usual relationship when in 
flight renders pilots prone to illusions and spatial disorientation (319). When travelling 
primarily ‘backwards’ in SAT configuration, the ‘optic flow’ of the visual world is 
perceived to be contracting, whereas when moving forwards, it is perceived to be 
expanding (320, 321). Optic flow affects depth perception and postural control (321, 322), 
and travelling backwards appears to make these more demanding (321).  
 
Participants were more likely to ‘lock’ their hands close to the stall position (Figure 9.4B), 
rather than moving them normally at the level of the risers (Figure 9.4A). This was more 
likely to be an effort to brace or reflect the additional cognitive challenges of a backwards 
direction of travel, rather than because of the acceleration force. Indeed, Girgenrath et al. 
(318) noted increased isometric force with increasing acceleration (i.e. a tendency to 
‘overshoot’ or ‘overcontrol’), which would have implied a greater proprioceptive 
disturbance in spiral. However, Gobel et al. (183) found this effect ameliorated with 
practice, so increased familiarity with the sensation of spiral rather than SAT may also 
have been a factor. 
 
In the post-run interview, more participants in SAT, compared to spiral, commented on the 
demands of the task (20 % vs. 11.6 %), the difficulty of locating the handle (17.8 % vs. 7 
%) and the difficulty of the throw (46.7 % vs. 18.6 %, including lack of power and 
directional control). This was significant, as reserve deployments in SAT have been 
notorious for entanglements between the reserve canopy and the main wing. The DHV 
(323) once recommended, based on mathematical modelling, that the best way to avoid an 
entanglement was to throw the reserve hard in the direction of the feet. However, from this 
study, it would appear unrealistic to expect pilots to have sufficient directional control and 
power to throw to do so. Throwing towards the feet also would require a compound action 
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(pulling the reserve out and then flinging it forwards), but all but one participant in the 
study (98.9 %) favoured deploying with a single, backwards sweep. This stark difference 
in deployment action between the zipline study (where some threw with a single sweep 
and others with compound actions) and the present study might have been due to 
acceleration forces (again, ‘overshooting’, (318)), to differences in habits or training, or a 
consequence of participants having seen the recommendations from the previous study. 
However, given that the behaviour was so pervasive, it was felt likely that it was an effect 
of the acceleration forces. 
 
Deployment times – hypotheses 2, 3 and 6 
As in the zipline studies of Chapter 8, there were two failures to deploy, one for equipment 
reasons and one due to freezing. In addition to the participant who froze, there was 
evidence of perseveration, so hypothesis 6 was accepted. With reaction times removed, the 
times taken to locate the handle (median 0.32 vs. 0.4 secs, p = 0.036), extract the bag 
(median 1.12 vs. 1.32 secs, p = 0.0091) and to release the handle (median 1.36 vs. 1.66 
secs, p = 0.0004) were all significantly faster in radial acceleration, rejecting hypothesis 2, 
but accepting hypothesis 3. The reasons for this were unclear, the centrifuge group were, 
on average, a little younger and had flown a little longer than the zipline group (mean age 
41.5 vs. 49.2 years of age, median years flying 5 vs. 4 years). More likely however, was 
that the zipline study involved an element of shock as the participants were released down 
the line whereas the centrifuge run was a gradual build up to the buzzer sounding. There 
was also the additional time pressure of deploying before reaching the end of the zipline. 
 
Handle location – hypothesis 4 
Based on the previous study, it was also hypothesised that the majority of participants with 
underseat reserves would first attempt to locate the handle on their hip. The hypothesis was 
accepted for those in spiral (82.9 %). However, for those in SAT, the majority first 
searched on their thigh (63.4 %), rejecting the hypothesis. It appeared that the initial search 
position depended on direction of motion. In spiral and in the zipline study (where 85.1 % 
first searched on the hip), the participants were travelling predominantly ‘forwards’, 
whereas in SAT they were initially travelling ‘backwards’. This was corroborated by two 
participants in the SAT group who first reached for their thigh, but then went on to do an 







Figure 9.11 (A.) Participant in spiral configuration first attempts to locate the handle on 
their hip. (B.) They then search along their thigh. (C.) When they fail to make contact, they 
return to their hip. 
 
Once again, vision appeared to play a lesser role than touch. Ponzo et al. (324) have 
commented that sensory information is integrated based on contextual reliability. When 
something is far away, vision predominates. When it’s in reach, location estimation is a 
product of proprioceptive, tactile and visual information. Indeed, it was striking how 
search patterns followed the participants’ bony anatomy, either contacting the hip or the 
thigh, and then searching along the line of the femur. Some participants, who missed the 
handle on the first attempt, were observed to go back to the hip to search (Figure 9.11). 
Even four of the participants with front-mounted reserves went first to the hip or thigh, 
despite the handle being in front of them. This may have accounted for those with front-
mounted reserves being significantly slower than those with under-seat reserves in locating 
the handle, though the median difference was only 0.2 seconds. 
 
Pull direction – hypothesis 5 
Some harnesses had been designed so the deployment bag was best extracted by pulling it 
outwards rather than upwards. In the zipline study, 70.2 % of participants pulled upwards, 
irrespective of harness design, which proved troublesome for some (Figure 9.5). It 
appeared that the upward action better engaged the large muscles of the arm and chest. It 
was hypothesised that this would also be the case in rotation. The hypothesis was narrowly 
accepted, as only 50 % of participants with underseat reserves pulled the handle more 
vertically than horizontally (Figure 9.7). In some instances, the outward pull appeared to 
be an effect of the centrifugal force: when pulling up, the arm was flung outwards and 
backwards, away from the harness, or perhaps of the ‘overshooting’ described above (318). 
The direction of pull was not related to the position of the hands at the point of 
deployment. Even when participants did pull upwards, it appeared to be less of an issue 
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than in linear deployments, perhaps as the deployment bag was also pushed down by the 
centrifugal force, making it less likely to stick on the top edge of the container. However, 
corners of the bag appeared more prone to sticking under radial acceleration (Figure 9.9A).  
 
Limitations 
As with the zipline study, the key limitation of the work was the lack of jeopardy. Though 
the study model was designed to be mentally taxing, pilots were never in danger and were 
at most anxious, rather than truly scared. There was little surprise involved, no hesitation 
that reserve throw was the correct course of action, and no consequences from a slightly 
slower throw. Though the G onset time was realistic for a collapse becoming an 
uncontrolled rotation, it was still a gradual rather than sudden challenge. The harness could 
only be mounted on the centrifuge in one direction (so participants always began their run 
with the reserve handles facing ‘inwards’ towards the centre of rotation) and SAT was 
limited to 3 G. 
 
The study participants were chosen by the staff of Flugschule Hochries from a self-selected 
pool of volunteers. There were also a number of measures included to ensure safety and 
standardisation that detracted a little from ecological validity. The rachet strap, designed to 
stop the parachute fully deploying from the centrifuge, and the additional safety line could 
have impeded reserve extraction (though they did not appear to be problematic on video 
review). Gloves were relatively thin, of a standard design and all participants held the 
control lines in an open ‘beginner’ grip.  
 
As in the zipline study, all the limitations above meant that participants in the study had an 
easier task than those in a real emergency. Therefore, the issues highlighted by the study 
might be considered more pressing given the study’s limitations, rather than less. 
 
9.7. Conclusion and recommendations 
Accepted hypotheses 
3. Overall deployment would be faster in radial acceleration (less effort required to throw). 
4. Participants’ search for the reserve handle would begin on the hip (spiral) 
5. More participants would pull directly upwards under radial acceleration than in linear 
acceleration. 




1. Spiral would be more disorientating than SAT. 
2. Locating the handle would be slower in radial than linear acceleration 
4. Participants’ search for the reserve handle would begin on the hip (SAT) 
 
 
This study built on the work described in Chapter 8, investigating reserve deployment in a 
large cohort of amateur pilots during radial acceleration. The findings demonstrated 
maladaptive behaviours in some pilots under stress, and so the importance of the reserve 
system working in harmony with pilots’ natural responses under pressure, with minimal 
cognitive demands and with no need for innovation or problem-solving. The study 
endorsed most of the recommendations of the previous work, with some refinements: 
 
1. Reserve handles should be positioned on the hip for underseat systems. 
Despite some participants searching on their thighs during SAT, it was felt that this 
recommendation should still stand, due to the frequency of forward rotation during 
emergencies and the overarching benefits of standardisation, discussed in the previous 
chapter. The hip was also less likely to shift significantly relative to the harness (compared 
to the thigh position) during instability. 
 
2. Handles should be brightly coloured, easily encircled by the grip and positioned clear of other 
harness components. 
Participants rarely looked for their reserve and relied on touch instead, so in standardising 
the handle, particular efforts should be made to make the handles prominent and tactile, 
especially for pilots with thick gloves. If the handle were made too prominent then there 
would be an increased risk of accidental deployment, but a balance should be struck that 
allowed the handles to be easily located and encircled. The previous recommendation for 
lead lines as a visual cue was likely to be of less value, given that pilots tended to maintain 
their gaze in the direction of travel in all studies. However, since looking was used as a 
rescue strategy when participants couldn’t find the handle by touch alone, they should 
remain brightly coloured. 
 
3. Deployment bags be supplied with the harness, strop and handle as part of an integrated 
system, including an indication of correct orientation during installation. 
The study reinforced this recommendation. (While they unfortunately cannot be retrofitted, 
recent designs have appeared to be moving in this direction anyway.) 
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4. The deployment bag should be extractable at any angle within 90 ° of the horizontal. 
Though the effects of pulling upwards instead of outwards were less of a concern during 
radial acceleration than linear, they remained significant and harnesses should be designed 
so bags are extractable at any angle. 
 
5. Front mounted reserve containers should be secured at the base to prevent them lifting when 
pulling the reserve handle. 
This recommendation remained unchanged, and some participants had already successfully 
modified their equipment based on the previous zipline study. 
 
6. Pilots need to increase their reserve deployment drills by an order of magnitude. They should be 
encouraged to do so as part of a ‘post-take off check’ and well as multiple times during the 
flight. 
The study reinforced this recommendation. A formal post-take off check that included 
encircling (not just tapping) the reserve handle should become part of training and practice. 
More time during basic training should be devoted to familiarising students with their 
reserve parachute system. 
 
7. Deployment in a single sweeping action should be encouraged in preference to compound 
actions, or complicated instructions to throw in particular directions in different situations to 
avoid entanglement. 
Few participants appeared to have sufficient directional control, let alone cognitive 
bandwidth, to direct their parachute once extracted from the harness. The message to ‘just 
deploy’ cannot be emphasised enough. 
 
If these recommendations were implemented, then the varied and complex reserve 
deployment instructions of the past could be distilled to locating the handle on the hip, 
throwing in a single sweep, fixing any entanglement and disabling the main wing, perhaps 
remembered as “hip, chuck, check, collapse, relax”. 
 
This evidence-based simplification and standardisation would represent a step forward in 
design and instruction that had the potential to save lives and prevent serious injury.  
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Chapter 10. Findings, Conclusions and Recommendations 
Formed the basis for Wilkes M. Oral presentation in the seminar ‘The impact of the 
physiological responses to extreme environments on cognitive function’. The Physiological 
Society 2020 Aug 27. 
 
10.1. Summary of findings 
Paragliding became aviation through improvements in performance, rather than safety. As 
a growing discipline of free flight, its resources needed to be used sparingly and allocated 
efficiently to reduce accidents. Before this project began, the risks of paragliding were 
inadequately expressed and difficult to contextualise. There were no available incident 
rates, the flight environment was poorly characterised and its effects on the pilot were 
barely understood. 
 
In Chapter 2, a comprehensive review of the literature relating to free flight and canopy 
sports emphasised the pilot as the locus of error (‘paragliders don’t crash, pilots crash’). 
Similar to other forms of aviation, control and decision errors were prevalent in all canopy 
sports. The results of the search illustrated how environmental stressors might influence 
physical and cognitive performance, while offering examples of how vulnerabilities could 
be identified and mitigated. 
 
The epidemiology of injury in UK paragliding was then explored in detail (Chapter 4), via 
an analysis of 1,000 incidents in the UK from 2012-19. Pilot (rather than equipment) 
failure was again highlighted as a primary concern. The first estimates of fatality and 
injury rates, based on flying activity rather than participant numbers, were calculated using 
a large survey of practicing pilots as a denominator. Rates were 1.4 (1.1-1.9) deaths and 
20.1 (18.4-26.7) serious injuries per 100,000 flights by UK pilots, making paragliding 
approximately twice as risky as general aviation. The notion of currency equalling safety 
was challenged by a model of risk exposure, where more time spent flying increased the 
likelihood of an incident. Flight phases involving high pilot workloads and proximity to 
terrain, along with incidents that involved rotational forces, were identified as particularly 
hazardous. Isolated limb and spinal injuries were common and reserve parachutes were 
found to be protective, regardless of the altitude at which they were deployed. 
 
The physiological effects of paragliding were described from analysis of 211 hours of live 
flight (Chapter 5). Flying at moderate altitudes required an energy expenditure of 1.5 (0.5) 
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METS. Physiological parameters were elevated during the take-off phase, and acceleration 
forces sufficient to cause loss of consciousness were recorded during some manoeuvres. 
However, overall, it appeared that the physiological challenges of flying in the paragliding 
environment were unlikely to be a key concern. 
 
The hypoxia, cold and headwind of paragliding flight were then simulated in an 
environmental chamber (Chapter 6), allowing pilots to undertake tests of cognitive 
function (Chapter 7). The simulation also highlighted pilots’ vulnerability to cold injury 
and dehydration (Chapter 7). It was concluded that pilots’ cognitive abilities and risk-
taking behaviours were not grossly distorted in the simulated environment, but the study 
was limited by small numbers, heterogenous responses, the shortcoming of cognitive tests 
and the lack of physical jeopardy. For the final two experiments (Chapters 8-9), the focus 
was narrowed to pilot behaviour during paraglider reserve parachute deployment. Reserve 
parachute deployment was chosen as a discrete, relatively simple behaviour, implicated in 
accidents and likely to be influenced by environmental stress. This new approach allowed 
for larger sample sizes, stronger conclusions and more immediate recommendations. 
 
Fifty-five pilots were filmed deploying their parachutes while accelerating linearly on a 
zipline, and subsequently 88 pilots deployed their parachutes in radial acceleration from a 
centrifuge. Both experiments demonstrated that it was essential that the reserve system 
worked in harmony with pilots’ natural responses under pressure. Participants consistently 
failed to innovate when faced with deployment issues under stress, resorting instead to 
stereotyped actions that often compounded their difficulties rather than solving them. On 
the zipline, the rate of complete failure to deploy was 3.6 % and on the centrifuge, it was 
2.3 %. In other words, for every 100 situations faced by paraglider pilots requiring reserve 
deployment, 2-4 might have ended in death or serious injury due to failure of the pilot-
reserve system. Even when successful, deployments during the experiments were often 
slowed by system issues, equating to significant loss of altitude in a real emergency. The 
reserve parachute experiments generated a number of recommendations for improvements 
to training and design that have already begun to make an impact in the flying community. 
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Figure 10.1. Tiers 3 and 4 of the HFACS taxonomy (4) with areas where this project has 
contributed to evidence base circled in blue.  
 
When considered in terms of the HFACS taxonomy, the project has significantly increased 
the knowledge base in a number of domains (Figure 10.1). In particular, Chapters 2 and 4 
helped described the nature of errors and violations in paragliding, as well as some aspects 
of crew-resource management and personal readiness, while clarifying their relative 
importance. Chapter 5 focussed on the physiological state of the pilot and Chapter 7 on 
their cognitive capacity, with respect to the physical environment. Finally, Chapters 8 and 
9 examined the interaction of the physical and technological environments under stress. As 
hoped, the work has offered direction for future safety endeavours, as described in 
Recommendations (section 10.4) below. 
 
10.2. Limitations and delimitations 
As discussed in the Introduction (Chapter 1), the risks and environmental stressors 
investigated this project could have been considered on physical, cognitive, social and 
organisational levels, and in a variety of different contexts. Indeed, the thesis could have 
included the whole of environmental physiology, aviation medicine and ergonomics, as 
applied to paragliding. Given this potential scope, and the paucity of literature relating to 
paragliding, an element of intuition was necessary to design experiments likely to yield the 
most useful results. In particular, the settings and study populations (for example, amateur 
pilots vs. experts) were chosen based on experience of the sport. The project had to begin 
with broad, descriptive, ‘screening’ studies and, once the limitations of this approach were 
recognised, then became more focused. Cross-disciplinary breadth had to precede depth.  
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While the individual experiments had their specific limitations, discussed in detail in their 
relevant chapters, there were common threads running through the whole project. These 
were the challenges of controlling variability to mechanistically describe complex 
behaviour and the tensions between reality, simulation, field work and laboratory. 
 
10.2.1. Mechanisms of behaviour 
In 1963, ethologist Nikolaas Tinbergen (325) wrote that to claim any behaviour to be 
understood, one must be able to describe its neurodevelopment, mechanisms, function and 
evolution. Pfaff et al. (326) recently used Tinbergen’s criteria to assess contemporary 
neuroscience’s capacity to explain fundamental behaviours such as sex, parenting and 
defensive responses to threat. To take the latter example, defensive responses to threat, 
they described how the current understanding that neuronal circuit development begins 
with patterning and subsequent generation of amygdala and cortical/hippocampal circuit 
components. As GABAergic signalling in the amygdala and hippocampus matures, it 
becomes possible to integrate contextual information to form more complex aversive 
memories. This in turn allows Pavlovian conditioning, forming neuronal connections 
moderated by neurotransmitters such as endogenous cannabinoids. These circuits govern 
behaviours such as freeze, fight or flight, which function to protect the animal from harm. 
They traced the evolution of this system from innate and conditioned aversive behaviours 
in vertebrates, governed by amygdalic and hippocampal-like structures, to processes 
increasingly influenced by more complex embedding of emotional response processing 
from structures, such as the prefrontal cortex (PFC). Their point was that achieving this 
coherence and granularity of understanding is possible, but is a multidisciplinary 
endeavour, linking different disciplines and cutting-edge techniques to investigate 
fundamental, universal behaviours. 
 
It could be argued that the ‘no-pull fatalities’ (132) discussed in Chapter 2, when 
experienced parachute jumpers failed to deploy their reserve parachutes when their main 
canopies failed, were examples of defensive responses to threat (albeit contextually more 
complex). Under conditions of great stress, the parachutists needed to take a single action 
to save themselves from harm. 
 
Arnsten et al. (241) have described neurophysiological mechanisms by which acute stress 
impairs the PFC. The PFC regulates our instinctive actions to allow appropriate responses 
to a dynamic environment. It is organised topographically, and its regions have been 
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mapped through lesion studies and functional MR imaging. The areas that regulate thought 
and action are situated dorsally and laterally and are extensively connected to the sensory 
and motor cortices (327). The interplay of the different regions of the PFC, and of the PFC 
with other parts of the brain are thought to mediate thought, planning and action. In 
Baddeley’s model (328), these are analogised as the ‘visuospatial sketchpad’ (visual and 
spatial information), the ‘phonological loop’ (auditory information) and the ‘episodic 
buffer’ (short-term binding and storage of information), which inform the ‘central 
executive’ (allocation of cognitive resources, problem solving, information processing), 
under the umbrella definition of ‘working memory’.  
 
Visuospatial working memory has been extensively studied in primates (329). Excitatory 
neurotransmitters (N-methyl-D-aspartate and α-amino-3-hydroxy-5-methyl-4-isoxazole 
propionic acid) and inhibitory neurotransmitters (γ-aminobutyric acid) compete to fine-
tune spatial memories by activating and supressing pyramidal cells that each represent 
different axes of motion (241, 329). The process is sensitive to the influences of dopamine 
and noradrenaline in an inverted U-shaped curve (330), where too much or too little of 
either neurotransmitter impairs this process in a complex, but well-described, pathway 
related to cAMP signalling (241). 
 
The PFC is directly and indirectly connected to the brainstem, allowing it to regulate the 
influx of noradrenaline and dopamine to create an optimal neurochemical environment for 
its function (331). Stressful conditions are associated with high levels of circulating 
catecholamines. These impair the PFC, while stimulating the amygdala to release further 
large amounts of noradrenaline and dopamine, compounding any impairment (242, 331). 
So, visuospatial working memory is disrupted. Rather than focussing on relevant stimuli 
(the domain of the PFC), the mind becomes saturated with the most salient or vivid 
sensory stimuli, to which it reacts rapidly and reflexively. Responses become habitual, 
rather than flexible or innovative. In the context of a paragliding emergency, the reserve 
parachute isn’t thrown. 
 
Arnsten et al. (241) acknowledged in their review that the role of neurotransmitters, 
including serotonin, the sensitising effects of glucocorticoids and the influences of other 
regions of the brain on PFC function under stress were incompletely understood. Shields et 
al. (240), in a later meta-analysis that included 6,216 participants, concluded that while 
increased stress was associated with increased cortisol, cortisol levels did not directly 
correlate with encoding of memory. Rather, the effects of stress on memory were likely 
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contextual, where both the timing and the nature of the stress could either impair or 
enhance encoding (240). 
 
To directly demonstrate causation would require the prospective demonstration that 
parachutists who failed to deploy their reserve parachute and plunged to their deaths had 
higher levels of circulating noradrenaline and / or dopamine in their prefrontal cortices at 
the point where reserve parachute deployment became essential, in comparison to those to 
who successfully deployed. Given the obvious ethical and logistical impossibilities of such 
a trial, Leach et al. (132) instead demonstrated impairments in working memory (verbal 
rather than visuospatial, as measured with standardised cognitive tests) during sport 
parachuting, alongside ‘global’ measures of sympathetic activation such as cortisol or heart 
rate. Apart from using cognitive tests as surrogate outcomes, these studies also had some 
flaws in particular the failures to fully account for the effects of experience and acute 
hypoxia (see Chapter 2). When choosing the surrogate outcomes, the studies also did not 
differentiate between loss of altitude awareness, failure to recall the existence of a reserve 
parachute, failure to remember its mode of operation, and failure to locate its handle 
(though it could be argued that all these lay within the domain of the PFC). However, the 
work of Arnsten (241), Leach (132) and their colleagues did suggest potential (though 
incomplete) links, between neurophysiological mechanisms, detectable cognitive 
impairment and survival behaviour under stress. 
 
The challenges of establishing these links for simple behaviours perhaps explains the lack 
of comprehensive, generalisable, mechanistic explanations of more complex behaviours, in 
more dynamic environments or under more subtle stresses. An example would be 
attempting to explain why a pilot made a course decision, on a particular day, under 
conditions of mild stress and low-level hypoxia that subsequently led to an accident. Any 
mechanistic explanation would first require a detailed understanding of the neurological 
pathways (both primitive and higher cortical) from which the chain of decisions emerged, 
in the context of the psychosocial and technical environment (as summarised by HFACS 
(195)). Then, the effects of the stressors (individually and in combination (332)) on those 
neurophysiological mechanisms would need to be described. Finally, for the conclusions to 
be considered robust, it would need to be demonstrated that a particular decision could be 
predicted, following exposure to those same stressors and flight environment. 
 
Given these challenges, researchers have tended to explain more complex behaviours from 
different vantage points, with specific paradigms drawn from their own disciplines of 
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study. Human behaviour in avalanche terrain would be an excellent example. Before 
deciding to cross an avalanche-prone slope, a backcountry skier must balance their 
perceptions of the conditions with their skiing ability. Their behaviour will be influenced 
by their experience, skill, goals, risk tolerance and social setting. Physiologists may 
describe the effects of skin temperature on perception of temperature and brain perfusion 
(333), while neuroscientists consider the relative roles of dopamine and glutamate in 
positive reinforcement (334), psychologists differentiate between sensation-seeking and 
transcendence (109) and human factors specialists point out the ‘heuristic traps’ in 
backcountry skiing (335). All these approaches were valid within their own theoretical 
frameworks but uniting them into a mechanistic chain of cause and effect to explain the 
final behaviour is daunting. 
 
In light of these realisations, the thesis’s original goal of explaining the impacts of 
environmental stressors on complex pilot behaviour by first describing physiological 
changes, then cognitive impairments and then behaviours, was unlikely to succeed without 
an order of magnitude more time, resources and background understanding than were 
available. 
 
The first experiment (Chapter 5) did succeed in characterising pilot physiology in the flight 
environment. However, only ‘whole body’ parameters like heart rate, ventilation, oxygen 
consumption, CO2 production and oxygen saturation were measured. This was superior to 
measuring oxygen saturation alone, as measurement of V̇CO2 allowed detection of 
hyperventilation (which can temporarily raise SpO2, at the expense of cerebral blood flow 
due to hypocapnoeic vasoconstriction). These parameters have also been linked to 
cognitive function, for example, McMorris et al. (177) have shown low PaO2 to be a key 
predictor of cognitive performance. It has also been long established in the aviation setting 
that acute hypoxia renders pilots unsafe (336). 
 
However, when looking for more subtle deficits, or trying to understand complex 
behaviours in light of the mechanistic work described above, such global measures may 
lack sensitivity and specificity. For example, Arnsten (241) and Leach (132) both 
highlighted the importance of the PFC. Liu et al. (337) mapped cerebral blood flow using 
MRI in 35 pilots at a simulated normobaric altitude of 3,000 m. Though oxygen saturation 
was reduced in all participants to an average (SD) of 92.4 (3.9) %, the decreases in blood 
flow (likely secondary to hypocapnoeic vasoconstriction) were in the temporal lobe, 
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occipital lobe and cerebellum only, rather than the PFC. In this light, global measures such 
as oxygen saturation, appeared too crude for the task at hand. 
 
The second experiment (Chapter 7) attempted to link environmental stressors to behaviour, 
using standardised cognitive tests as a bridge. The rationale for this approach was 
described in detail in Chapters 6 and 7. However, despite considerable efforts to achieve 
environmental fidelity, and to mitigate practice effects, the process of administering 
cognitive tests during the experiments served only to underline their limitations. 
 
Perhaps most importantly however, even if it had been possible to describe changes in 
physiology that led to decrements in cognitive function that, in turn, changed behaviour in 
the simulated pilots, the question of generalisability of the findings would have remained. 




Variability can be defined as ‘the difference in values obtained for an outcome measure(s) 
when participants are studied under similarly standardised testing conditions and 
procedures’ (338). Responses to stressors can exhibit intra-individual (within-subject) and 
inter-individual (between-subject) variability. Intra-individual variability may result from 
external stressors or factors intrinsic to the subject, such as diurnal variation, or 
acclimatisation/adaptation (339). Intra-individual variability (along with measurement 
error) must be accounted for, before consigning any differences in outcome measures to 
inter-individual variability. This is usually achieved through some form of repeated testing, 
though this too can be challenging if an intervention requires a long washout period or is 
designed to induce permanent change (338, 340). 
 
Variability has been documented in physiological (341), cognitive (342) and behavioural 
domains in response to stress (307). Variability can be summarised through various 
statistical approaches, of which the simplest is the standard deviation (343). Efforts are 
sometimes made to classify participants into categories, for example ‘responders’ and 
‘non-responders’ to stressors. While initially attractive, this can be misleading, as different 
approaches to setting category thresholds can produce markedly different results. 
Hecksteden et al. (344) identified four approaches to categorisation: 1) zero change as 
fixed threshold value; 2) the upper limit of observed differences that may be expected as 
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the result of random variation; 3) quantiles of observed changes within the respective trial, 
and 4) lower limit of clinically or practically meaningful differences. They then 
demonstrated that in a simple endurance trial, only 11 of 20 subjects were consistently 
classified as responders or non-responders.  
 
The experiments of Chapters 5 and 7 all showed evidence of physiological, cognitive and 
behavioural variability in response to the challenges of paragliding flight. How much of 
that observed variability was due to intra- or inter-individual differences could not be 
quantified, as all the participants only underwent single exposures. To illustrate 
physiological variability, Figure 10.2 depicts the heart rates and respiratory frequencies 
recorded during the chamber experiments of Chapter 7 for each of the ten individual 
participants. Participant 2 began the experiment tachycardic and tachypnoeic but settled 
during the simulated flight. This may have been because the participant was nervous at the 
start of the experiment and would have performed differently on another occasion (intra-
individual variability). Alternatively, it could have been a genuine physiological response 
to falling FiO2, unique to them, and differing from the very predictable rises in HR and fR 













Figure 10.2. Heart rate (HR, beats•min-1) and respiratory frequency (breaths•min-1) for 
each of the participants (numbered 1-10) in the simulator group, during their simulated 
flight (black) alongside chamber oxygen fraction (blue). 
 
As evidence of cognitive testing variability, Figure 10.3 depicts the results of the BART 
task during the same experiment for those participants who underwent the simulated flight 
in the chamber (‘CH-’ prefix) and those in the control group who undertook the task at the 
same timepoints (‘CT-’ prefix). It can be seen that some participants’ tendency to risk-
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taking, as quantified by the adjusted average pump count (AAPC), fell during the 
experiment. In others it increased, and in some, it oscillated about a point. The variation in 
the control group indicated high levels of intra-individual variability, as their levels should 
have stayed the same, given that their test was repeated in unchanging conditions. The 
variation may have been due to practice effects, boredom, or other individual factors. 
 
 
Figure 10.3. Adjusted Average Pump Count (AAPC) results from the Balloon Analogue 
Risk Task (BART) at each simulated altitude (simulator group, prefixed ‘CH-’) and 
equivalent timepoint (control group, prefixed ‘CT-’) for individual participants. 
 
The reserve deployment experiments (Chapters 8-9) offered examples of variability in 
simple behaviours in response to stress including successful deployment, freezing and 
perseveration. As an example of more complex behavioural variability, Figure 10.4 plots 
the courses flown by two of the study pilots from Chapter 5 (Study 1) during the early 
parts of their flights. They both took off from the same point, on consecutive days, headed 
for the same goal. The pilot in Figure 10.4A flew directly past the towns of Orpierre and 
Trescléoux, passing Trescléoux to the west. Whereas the pilot in Figure 10.4B elected to 
first gain height by thermalling on the hill south of Trescléoux then pass the town to the 
east. Some of the myriad factors influencing their decisions would have included their 
perception of the conditions (wind, clouds, temperature, position of the sun, thermal 
strength, turbulence), contextualised against their own experience. The pilots would also 
have been projecting their future course and opportunities to climb in deciding whether to 
gain height early or fly on. Their actions reflected their perceptions, experiences, personal 
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flying styles, risk tolerances, attitudes on the day and their interpretations of the behaviour 
of other pilots in the air around them. Many of these factors would not have been 
consciously verbalised. To truly elucidate whether their differing behaviours represented 
intra- or inter-individual variability would have required recreating the same conditions in 
repeated tests for each pilot (an impossibility). This is an example of a complex behaviour, 




Figure 10.4. Courses flown by (A.) Pilot 2 and (B.) Pilot 3 during Experiment 1, Study 1 
(Chapter 5) during the initial parts of their flights (red) overlaid on a hybrid satellite 
image and map (Google Earth). The dropped pin (red) indicates take-off. 
 
 
10.2.3. Bridging the gulf 
Apart from being challenging, controlling and standardising all these variables may not 
even be desirable, as doing so might compromise the performance or safety of the pilot. In 
most experimental settings, variability is overcome by repeating tests, increasing sample 
size or simplifying design. Given that sample sizes are usually small in this field, the 
researcher is pushed towards simplification, using simulation and laboratory work to make 
experiments ‘cleaner’ and give greater confidence in the results. However, if one swings 
too far in this direction, the experiments lose ecological validity and relevance. In 
paragliding, the most important element lost in the move from live flight to the laboratory 
would be consequence. In flight, every decision has a consequence, one which might be 
life-threatening. That does not mean that the pilot flies in constant fear of their life, more 
that they maintain an alertness, and sometimes a level of background anxiety, that comes 
 230 
when their choices carry jeopardy. This emotional and physiological state can only be very 
crudely replicated in a simulation: the threat of losing a game will never feel the same as 
the threat of losing one’s life. 
 
This project walked the line between these extremes of uncontrolled live flight and the 
laboratory. The initial descriptive experiment began in live flight. The next experiment 
took place in the laboratory, mindful of the need for standardisation and control in 
cognitive testing. The zipline study represented both a new approach, one beginning with 
the behaviour and working back towards physiology, and a compromise in controlling the 
environmental exposure while adding in elements of cognitive stress and anxiety. The final 
centrifuge experiment built on the three before, using a simple, ‘paired down’ laboratory-
style experiment with hypotheses derived from previous work and a large sample size, 
while incorporating as many realistic elements as possible. In all work, participant safety 
was paramount. In total, 171 individuals safely participated in the studies in this thesis. 
 
These informed choices, of experimental focus, participants, design and setting, constituted 




The work in this thesis to summarise the risks of paragliding, and the effects of its flight 
environment on pilots and equipment, led to the recommendations that follow. 
 
10.3.1. Use of oxygen 
There was insufficient evidence to recommend the use of supplementary oxygen when 
flying for less than two hours at altitudes below 3,600 m. It was felt likely that the 
additional task load of setting up oxygen equipment (along with the cost, maintenance and 
weight penalties) outweighed any subtle benefits. 
 
However, the limitations of the cognitive tests and high variability meant that small 
decrements may have been missed. The value of oxygen supplementation in mitigating 
impairment and fatigue during repeated exposures was also not explored (for example, in 
competition, when pilots have very high task loads for several hours at a time, many days 
in a row). It was clear however, both from the experiments and the Mont Blanc landings in 
2019, that paraglider pilots at higher altitudes were vulnerable to hypoxia (physically, and 
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presumably cognitively), in particular when top-landing and attempting to take off again. 
This message should be emphasised to pilots, during training and also via social media 
during periods of very high cloud base when Mont Blanc-style flights might be attempted. 
 
10.3.2. Hand protection 
Paraglider pilots were clearly vulnerable to peripheral cold injury. They should: 
 
1. Be made aware of the risks. 
2. Focus on insulating the areas vulnerable to convective cooling in flight (torso, head, 
armpits and forearms), ideally with wind shells over insulated clothing (345). 
3. Use appropriately thick gloves, while being mindful of the loss of dexterity during take-off 
and emergency procedures. Down hand sleeves were protective; however, they presented 
an additional risk of tangling and hand entrapment beyond gloves. 
4. Active warming either to the fingers, or indirectly to the torso, should be considered (345, 
346). Battery-operated heating might be most appropriate, as disposable heat packs become 
less efficient as oxygen falls with altitude and are ecologically unfriendly. Care should be 
taken with active warming to avoid burning insensate tissue inadvertently. 
5. Consider flying in a more protected position during glide phases, and intermittently 
dropping their hands to help restore perfusion pressure. 
6. Flying in a cocoon harness, as these proved particularly effective at maintaining warmth 
and protecting the lower limbs from the cold. However, the additional task load of flying in 
a cocoon, plus the risks of yaw inertia leading to twists during asymmetric flight, means 
that cocoon harnesses can only be recommended for advanced pilots. 
7. Maintain calorie and fluid intake during flight. 
 
Medication and supplements, for example calcium channel blockers and nitrates, would 
not be recommended as the risks of their reported side-effects (347) would likely outweigh 
any potential benefits in a paragliding context. Anecdotally, pilots flying with 
supplementary oxygen have reported feeling much warmer than when flying without 




An article detailing these recommendations was published in Cross Country Magazinexxxii 
in 2018 and the following multiple-choice question was added to the BHPA Pilot Theory 
Examination: 
 
Q. Paraglider pilots often experience cold hands; especially when flying at altitude or for 
prolonged periods (correct answer - D): 
A) This has no effects on your flight performance or long-term health, you simply need to 
accept the temporary discomfort.  
B) This is because your hands are typically positioned above your heart, reducing blood flow. 
If planning a long or high flight, consider lengthening your control lines to improve this. 
C) This is because blood flow to your hands is reduced, and your hands are in the airflow. It is 
best dealt with by periodically disengaging your hands from the controls and tucking them 
into your armpits. 
D) Very cold hands can be distracting and can cause long term tissue damage. You should 
invest in some good quality gloves and keep your body’s core warm with insulated 
clothing. If your hands are becoming numb or painful you should cut short your flight. 
 
10.3.3. Prevention of dehydration 
Paragliding was shown to be dehydrating, with participants losing around 4 mL·kg-1·hr-1 of 
fluid in the simulator. As only some pilots drink in flight, and some even actively fluid-
restrict to avoid the need to urinate, thirst has the potential to become a distraction over 
time and pilots should be reminded of the importance of adequate fluid intake to maintain 
physical and cognitive performance and reduce susceptibility to cold injury. 
 
10.3.4. Crash protection 
With the trend towards lighter paragliding equipment, the vulnerabilities of the spine, 
pelvis and lower limbs must not be neglected. It was telling that almost all spinal injuries 
in the literature and accident analysis involved the same three vertebrae (T12-L2) and this 
represented a clear target for future risk mitigation. 
 
10.3.5. Reserve parachute design and training 
These are discussed in detail in Chapters 8 and 9, however in summary: 
 
 
xxxii Wilkes, M and Long G. Cold hands, warm heart: Non-freezing cold injury and heat 
loss in pilots. Cross Country 2018 Oct; 194:48-54. 
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1. Under-seat systems should position reserve handles on the hip. 
2. Handles should be prominent, tactile, brightly coloured, easily encircled by the grip 
and positioned clear of other harness components. They should be oriented 
‘horizontally’ so the hand can fall naturally onto them. 
3. Deployment bags be supplied with the harness, strop and handle as part of an 
integrated system, including an indication of correct orientation during installation. If 
they are supplied separately, then care should be taken to ensure the strop is of the 
correct length for the pilot. A correctly sized strop is one long enough to avoid pulling 
or rotating the deployment bag before the pins are released, but short enough that 
deployment bag can be pulled well clear of the harness before the pilot’s elbow and 
arm are fully extended. 
4. The deployment bag should be extractable at any angle within 90° of the horizontal. 
5. Front mounted reserve containers should be secured at the base to prevent them lifting 
when pulling the reserve handle. 
6. Pilots need to increase their reserve deployment drills by an order of magnitude. They 
should be encouraged to do so both before launch, and as part of a formal ‘post-take 
off check’ and well as multiple times during the flight. The drill should include 
encircling, not just tapping, the handle. 
7. Paragliding students should understand reserve fitting, bridle routing, and the 
importance of periodically loosening hook-and-loop fasteners. Before finishing their 
course, students should sit in a harness suspended from a hang point and practice 
throwing multiple times with a dummy reserve to understand the angles and forces 
required. Ideally, qualified pilots would also undertake similar practices when buying a 
new harness or reserve parachute. 
8. Deployment in a single sweeping action should be encouraged in preference to 
compound actions, or complicated instructions to throw in particular directions in 
different situations to avoid entanglement. 
9. The reserve deployment sequence should be distilled to locating the handle on the hip, 
throwing in a single sweep, fixing any entanglement and disabling the main wing, 
perhaps remembered as “hip, chuck, check, collapse, relax”. 
 
Above all, pilots should be encouraged to throw their reserve promptly in an emergency. 
The following multiple-choice question was added to the BHPA Club Pilot Theory 
Examination: 
 
• Q. Throwing a reserve parachute can help you avoid injury (correct answer - A): 
A) At any altitude, even very low 
B) Only above 50 feet 
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C) Only above 200 feet 
D) Only above 500 feet 
 
Finally, an eye-tracking study could be considered to better describe pilots’ gaze during 
reserve deployment, potentially offering further avenues for design and training. 
 
10.3.6. SIV and G training 
When pilots leave beginner (Club Pilot) training, they are in a very vulnerable position. 
Though they can competently launch and land the wing, they have little experience to 
avoid in-flight emergencies, and minimal training to deal with them if they occur. Correct 
pilot inputs will rapidly control any glider instability in an emergency. However incorrect 
or mistimed inputs can compound instability, leading to a ‘cascade’ that might end in 
reserve deployment, injury or death. Specific training courses (‘Simulation d’Incidents en 
Vol’, ‘SIV’) exist to train pilots to prevent and manage collapses, autorotations, spirals, 
spins and stalls. However, they are typically undertaken later in a pilot’s career, once they 
have passed through the most vulnerable stage. There is a growing movement for pilots to 
attend SIV courses much earlier in their development, and the findings of this project 
wholeheartedly support this. 
 
Pilots should pay greater attention to the role of G forces in disorientation and impairment 
during rotation. In particular, an awareness that G-LOC can occur during spiral dives, that 
an individual’s G tolerances can vary and that G forces can be managed with straining 
manoeuvres. The following multiple-choice question was added to the BHPA Pilot Theory 
Examination: 
 
• Q. All of the following affect your ability to tolerate high G forces, EXCEPT (correct 
answer - D): 
A) Dehydration and low blood sugar  
B) Coughs, colds and other infections 
C) Time away from flying 
D) The EN rating of your glider 
 
10.3.7. Human factors training 
New paragliders are typically marketed as offering increased ‘passive safety’ for 
equivalent performance, in comparison to their predecessors. ‘Passive safety’ refers to the 
ability of a wing to return to stable flight if the pilot offers no additional inputs. However, 
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the work in this thesis demonstrated that pilots rarely do nothing. Instead, they make 
decisions that lead to instability, and when under stress often repeat the same action again 
and again, compounding their error. Greater emphasis should be placed during training on 
the pilot as a locus of error. There are many ways to conceptualise human vulnerability to 
error, from Reason’s ‘Swiss Cheese’ model (3) to HFACS (4). However, based on the 
work in this thesis, three concepts would appear particularly useful for paraglider pilots, 
those of ‘workload’, ‘intermediate syndrome’ and ‘heuristic traps’. 
 
Workload 
Chapters 4 and 5 identified times of peak vulnerability as when flying paragliders are take-
off, flying in traffic close to terrain and landing. Pilots should understand that stress 
(whether framed as fear, anxiety or excitement) narrows attention, reduces visual scan, 
leads to reductive and limited thinking, regression, hurried decision making and 
decrements in working memory capacity and retrieval (348). 
 
They should be encouraged to use checklists, ideally physical (for example, tapping the leg 
buckles) rather than simply verbal, to ensure that steps are not missed (349). Humans are 
particularly vulnerable to distracting audible cues (245), so checklists should be designed 
mindful of workflow and the social context in which they will be used (the ‘operational 
logic’), with aim of relieving rather than adding to pilot workload at take-off. 
 
The current pre-flight mnemonic recommended by the BHPA ‘Will Geordie Have His Cat 
Aboard Today’ (Wind and Weather; Glider; Helmet; Harness and Reserve pin; Controls; 
All Clear; Turn direction (22)) is hard to remember, does not fit with normal pilot 
workflow on take-off and should be replaced. An example of a more suitable checklist is 
given in Figure 10.5, based on best practice recommendations from NASA Ames (349). In 
this checklist, the grey column on the left can be worked through while preparing the 
equipment to one side of launch, when any omissions or faults are most easily corrected. 
The column on the right is for when the pilot is set to launch, with key items in bold face. 
The words are in lower-case against a white background, as more familiar word shape has 
been shown to improve comprehension (349), with ‘traffic light’ colours to encourage 
flow. The checklist includes all the elements of the BHPA mnemonic, plus environmental 
protection, instruments (to avoid pilots being distracted by switching them on just after 
take-off), karabiners and buckles (which may be open, both known safety issues), and the 
speed bar (which may be disconnected or tangled). Pilots have commented anecdotally that 
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apart from the safety benefits, the ritual aspect of physically tapping each component of 




Figure 10.5 (A.) An example checklist for paragliding. (B.) The checklist being trialled in-
flight (red circled, right-hand side of cockpit). 
 
The following multiple-choice question was also added to the BHPA Club Pilot 
Examination: 
 
• Q. The physical and psychological stress of take-off (correct answer - B):  
A) Narrows attention, impairs memory, increases simple mistakes only in beginner 
pilots. 
B) Narrows attention, impairs memory, increases simple mistakes by pilots of all 
levels. 
C) Sharpens the senses, reducing simple mistakes in all pilots. 
D) Has no effect, if it is an easy or familiar launch. 
 
Intermediate syndrome and heuristic traps 
The term ‘Intermediate syndrome’ was coined in North American paragliding circles to 
describe the feeling of competence and control that comes when pilots have mastered the 
basics of glider handling and thermal flight but have not yet developed the judgment that 
comes with deeper experience. It is the portion of the learning curve where luck can be 
mistaken for skill, and is closely related to Stage I (‘unconsciously unskilled’) of Burch’s 
Four Stages for Learning (350). In general aviation, Craig wrote of the ‘Killing zone’ 
(351), between 50-350 hours, where pilots were most at risk. Craig’s analysis has been 
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challenged, as the majority of pilots fell into that hours bracket anyway and those who had 
flown for longer were alive by definition (352). Indeed, a model that attempted to account 
for these factors found that deaths became asymptotic at around 2,000 hours of flying time 
(352). However, it did not challenge the underlying concept and, if anything, reinforced the 
notion that mastery is assumed before it is achieved. 
 
Finally, again based on the work in Chapter 4, pilots should be aware of ‘heuristic traps’ 
that may lead to incidents. While many models of safety behaviour could be applied, those 
identified by McCammon (335) in recreational avalanche victims (familiarity, consistency, 
acceptance, expert halo, social facilitation and scarcity) felt particularly applicable to 
paragliding. McCammon’s work recognised skiing (like paragliding) as a social sport, 
where attitudes and behaviours of fellow practitioners can consciously and unconsciously 
affect performance. Consequently, an article was published in Cross Country Magazine 
giving paragliding-specific examples of all McCammon’s heuristic traps xxxiii and the 
following multiple-choice question was also added to the BHPA Club Pilot Examination: 
 
• Q. The most common cause of accidents in pilots of all levels is (correct answer - C): 
A) Equipment failure 
B) Airspace violation 
C) Pilot error, especially decision-making and glider-handling errors 
D) Landing in power lines 
 
10.3.8. First aid training and equipment 
The accident database analysed in Chapter 4 included descriptions of severe and fatal 
injuries resulting from polytrauma and time-critical haemorrhage. The incidents 
themselves often occurred in remote settings, with fellow pilots first on scene. Altering the 
clinical course of these injuries would have required training and equipment beyond that 
provided by standard first aid courses and kits. However, a small number of interventions, 
including opening the airway, controlling external haemorrhage, movement mitigation, 
pelvic binding, limb splinting and protection from the environment would be achievable by 
lay responders with a small amount of training. To address this need, a short (90 minute) 
presentation, and a full (16 hour) accredited first aid course were devised in 2018 and have 
since been presented to pilots internationally. An ultralight first aid kit (Appendix VI), 
 
xxxiii Wilkes, M. Adventure Medicine for Pilots. Cross Country. 2016 Oct; 173:56-65. 
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containing essential items to aid those interventions was manufactured in parallel and has 
been in growing use. 
 
10.4. Directions for future work 
This project was the first to study paragliding in depth and, for the reasons alluded to 
earlier in the chapter, only explored a few of the possible avenues of investigation. Each 
study then opened up more potential paths. Initial work should focus on refining and 
validating the recommendations made for reserve parachute system design, along with the 
other suggestions for improving training and practice. The zipline and centrifuge studies 
offered a template for this validation process. Beyond this however, the work in the thesis 
laid the foundation for a number of potentially fruitful avenues for future work. 
 
10.4.1. Working backwards from behaviour to physiology 
Beginning investigations by clearly describing discrete behaviours under stress, then 
working backwards to physiology would be one approach to overcoming the limitations 
described in this thesis. The experiments in Chapters 8 and 9 showed evidence of 
maladaptive behaviours, in particular ‘freezing’ and perseveration. In many instances they 
were in response to equipment failure, for example the reserve parachute sticking in a 
poorly designed deployment container. To further that line of inquiry, the zipline or 
centrifuge could be turned into a screening test, where a parachute deliberately made to 
stick could be used to select out participants who displayed maladaptive behaviour from 
those who were successful. Both groups of participants could then be invited back to the 
laboratory to find a cognitive test that could successfully differentiate between them under 
the same environmental stressor. That cognitive test could then be used as an endpoint in 
small, controlled studies to search for neurophysiological differences between the groups. 
If differences were found, these could then form the basis of a prospective trial. In such a 
trial, new participants would be grouped by these neurophysiological differences, then it 
would be seen if their behaviour on the zipline or centrifuge could be predicted. Only then 
could a coherent link between physiology, cognition and behaviour be claimed. 
 
Such an approach could also be used to investigate other stressors, or stressors in 
combination. While this thesis explored three major stressors, pilots may also be 
vulnerable to the effects of wind noise, UV exposure, workload, frustration and fear. 
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10.4.2. Refining the denominator 
In Chapter 4, the first estimates were made of fatality and injury rates by flying activity, 
rather than participant numbers. These could be refined. The most robust approach would 
be a prospective cohort study of a large group of pilots, validated by flight instrument data. 
However, even repeating the survey annually or encouraging national associations to 
gather similar data as part of their license renewal processes would certainly improve the 
quality of estimates. 
 
10.4.3. Improving back protection 
The analysis in Chapter 4 also revealed the particular vulnerability to injury of the T12-L2 
region of the spine. This offered an obvious target for risk mitigation, and effort should be 
made to clarify the mechanism of injury and to design appropriate protection. 
 
10.4.4. The role of supplemental oxygen 
This project found no gross physical or cognitive impairment in pilots flying for less than 
two hours at altitudes below 3,600 m. However, high levels of variability, combined with 
the inevitable compromises of simulator and cognitive studies meant that subtle 
decrements may have been missed. Hypoxic changes may also be cumulative, so repeated 
submaximal exposures, either on a single day (climbing up and down in thermals) or back-
to-back days of flying, may also subtly impair performance. The decrements of longer or 
higher flights, repeated exposure and the mitigative value of oxygen would make for useful 
study. Equally, the studies in Chapter 5 noted an increased respiratory frequency, in 
comparison to tidal volume in pilots flying at extreme altitude. If this finding were 
generalisable, then pulsed dose rather than continuous flow systems may be advantageous, 
but this finding must be confirmed in a larger sample. 
 
10.4.5. Acclimatisation 
The repeated submaximal exposures seen in flight beg the question of whether paragliding 
flight is acclimatising and, in turn, the value of acclimatisation in preventing injury and 
improving performance.  If so, is it the relative, absolute or frequency of change in altitude 
that matters? 
 
10.4.6. Defining margins for safety 
While paragliding was found to be minimally exerting, the accident on Mont Blanc 
described in Chapter 5 illustrated that pilots may be operating within narrow margins for 
 240 
safety. Additional metabolic load, for example from a take-off run, might lead to rapid 
decompensation. It would be of value for pilots to explore and define these margins. 
 
10.4.7. A dose of flight 
This project focussed on contextualising incidents. However, could that additional context 
be provided to the pilot before an incident occurred? Pilots are used to flying with 
instruments that measure their altitude, speed and position. However, wearable technology 
has expanded the potential for human instrumentation. It is a small step to imagine sensors 
similar to those used in this project becoming a normal part of pilots’ clothing and 
equipment. More data does not equal more understanding however, so work of the kind 
described in section 10.5.1 would be required to clarify the role of physiological metrics 
such as heart rate, oxygen saturation or NIRS in flight performance. If their value could be 
described with sufficient granularity though, then it might be possible to build a flight 
instrument that interpreted physiological metrics in the context of pilot experience and 
currency, precision of control inputs (measured using real time data from the leading edge 
of the wing), geographical location, environmental and meteorological conditions. The 
instrument could calculate a pilot’s ‘dose’ of paragliding based on these cumulative 
measures of performance and exposure and, like a dive computer, predict when a pilot was 
about to breach their margins of safety. Even if such an instrument existed however, the 
bigger question might be – would the pilot heed the warning? 
 
10.5. Conclusions 
Paragliding had fatality rates of 1.4 (1.1-1.9) deaths and 20.1 (18.4-26.7) serious injuries 
per 100,000 flights, approximately twice as risky as general (non-commercial) aviation in 
the U.K. Despite its low levels of physical effort, pilots were vulnerable to control and 
decision errors. When these errors led to accidents, pilots often failed to throw their reserve 
parachutes and the lower limbs and thoraco-lumbar junction of the spine were most at risk 
of injury. Hypoxia and cold did not appear to cause gross cognitive impairment, during 
simulated flight to 3,600 meters for two hours. However, the limitations of the experiments 
meant that subtle or cumulative decrements may have been missed. Flying at higher 
altitudes, for longer or in particularly cold conditions, would likely render pilots more 
vulnerable to their environment but this still cannot be adequately quantified. When pilots 
attempted to throw their reserve parachutes, under linear or radial acceleration and 
conditions of cognitive load, there were common behaviours, some of which were 
maladaptive. These might be partially mitigated through improved design. 
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Paraglider pilots, rather than their equipment, are the locus of error, though in reality both 
are part of the same system, which is vulnerable to the stressors of the fight environment. 
Though the neurophysiological mechanisms underlying their behaviour remain hard to 
parse, focusing on pilots’ behaviour under stress offered targets for risk mitigation through 
training and design. 
 
The studies detailed in this thesis were the largest and most rigorous conducted in 
paragliding to date. They established a methodology and framework for future work 
(including paragliding flight environment simulation), while permitting the first direct 
comparisons between paragliding and other branches of aviation based on common 
denominators and a shared taxonomy of error. The results were widely disseminated in the 
flying community via articles, podcasts and videos, as well as in three peer reviewed 
publications. They led to the creation of a trauma management course, a trauma kit, 
changes in the pilot licensing examination and improvements in the international standard 
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Appendix II. Literature Search Terms 
Database Date Search string Results Relevant 























































OpenGrey 17/04/2020 paraglid* OR 
parapent* OR 
hang glid* OR 
skydiv* OR 
parachut* OR 
base jump* OR 
sailplane OR 
wingsuit* OR 
speed rid* OR 














































































Appendix V. Questionnaires for Experiment 2 (Cognition in Simulated Flight) 








              
  
 
   
                  Extreme Environments Laboratory                             Free Flight Physiology Project 
Spinnaker Building, Portsmouth PO1 2ER, UK                   www.freeflightphysiology.org  
 




Rating (CP, Pilot, AP, Instructor) 
 
 
Total years paragliding 
 
 
Total hours (overall) 
 
 
Total hours (last 12 months) 
 
 
Number of SIV / Pilotage courses 
 
 
Glider make and model (XC flying) 
 
 
Harness make and model (XC flying) 
 
 
Highest altitudes flown without O2  
 
Previous hypoxia training 
 
 
Other flying disciplines (hours) 













              
  
 
   
                  Extreme Environments Laboratory                             Free Flight Physiology Project 
Spinnaker Building, Portsmouth PO1 2ER, UK                   www.freeflightphysiology.org  
 
 
When paragliding at your highest altitudes do you recall…? (Please circle) 
 
  Not at all Slight Moderate Strong Extreme 
       
1. Headache 1 2 3 4 5 
2. Sinus / ear pressure 1 2 3 4 5 
3. Dizziness / light-headedness 1 2 3 4 5 
4. Worsened vision 1 2 3 4 5 
5. Numbness in fingers or toes 1 2 3 4 5 
6. Feeling cold 1 2 3 4 5 
7. Shivering 1 2 3 4 5 
8. Tingling in fingers or toes 1 2 3 4 5 
9 Pain in the joints 1 2 3 4 5 
10. Shortness of breath / air hunger 1 2 3 4 5 
11 Cough 1 2 3 4 5 
12. Pain/tightness in the chest 1 2 3 4 5 
13. Disturbed speech 1 2 3 4 5 
14. Slower reaction times 1 2 3 4 5 
15. Impaired coordination 1 2 3 4 5 
16. Feeling hungry 1 2 3 4 5 
17. Need to urinate 1 2 3 4 5 
18. Feeling thirsty 1 2 3 4 5 
19. Loss of appetite 1 2 3 4 5 
20. Nausea 1 2 3 4 5 
21. Muscle weakness 1 2 3 4 5 
22. Muscle cramps 1 2 3 4 5 
23. General fatigue 1 2 3 4 5 
24. Difficulty thinking clearly 1 2 3 4 5 
25. Difficulty recalling information 1 2 3 4 5 
26. Feeling irritated 1 2 3 4 5 
27. Feeling euphoric 1 2 3 4 5 
28. Feeling worried or nervous 1 2 3 4 5 
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PRE-FLIGHT                PILOT ID:                        DATE: 
 
Symptom None Slight Moderate Very Extreme 
Headache      
Nausea      
Hands uncomfortably cold      
Hands uncomfortably hot      
Body uncomfortably cold      
Body uncomfortably hot      
Shortness of breath      




Symptom None Slight Moderate Very Extreme 
Headache      
Nausea      
Hands uncomfortably cold      
Hands uncomfortably hot      
Body uncomfortably cold      
Body uncomfortably hot      
Shortness of breath      





How realistic did the flight feel? Not at all Slightly Moderately Very Extremely 
Overall 
 
     
Flying body position 
 
     
Arm position on brakes 
 
     
Headwind sensation 
 
     
Temperature sensation 
 
     
Physical comfort 
 
     
Mental effort of testing was 
comparable to flying XC 
     
      
The monitoring equipment was a 
distraction from cognitive tests 
     
      
Body temperature compared to 









Hand temperature compared to 

















Appendix VI. Paragliding Trauma Training and X-Light Trauma Kit 
 
Trauma training 
Paragliding accidents can be severe, time-critical and remote. Fellow pilots are most likely 
to be first on scene and may need to manage the situation for several hours before more 
skilled help arrives. Discussions during the PhD process identified that standard first aid 
courses were insufficient to prepare pilots for the severity of injuries they might face in 
dealing with paragliding accidents. A short training programme informed by the PhD, was 
devised and continues to be delivered to pilots internationally. A full 16-hour outdoor first 
aid course for canopy sport practitioners and guides followed in response to demand. The 
courses focused on group dynamics, management of haemorrhage, injuries of the lower 
limbs and lumbar spine, and interaction with rescue services. The 16-hour course was 
aligned with the Institute of Outdoor Learning Level 3-4 and accredited by the BHPA. 




Figure A1. (A) Participants in the final scenario of the weekend trauma training. They 
have allocated roles to manage a simulated tandem accident. (B) Packaging one of the 








The syllabi for the courses have been as follows: 
 
Short training (90 mins) 
1. Why are paragliding accidents different? 
2. Establishing a functioning team 
3. Immediate interventions 
a. Opening the airway 
b. External bleeding control 
c. Binding the pelvis 
d. Environmental protection 
4. Further interventions 
a. Pain relief and splinting 
b. Spines and helmets 
Weekend training (16 hour outdoor first aid course) 
1. Why are paragliding accidents different? 
2. Group dynamics and establishing a functioning team 
3. The lethal triad 
4. Primary survey 
5. Trauma interventions 
a. Airway management 
b. Control of bleeding 
c. Splinting and pain relief 
d. Head and spinal injury 
6. Paragliding incidents 
a. Prevention 
b. Aftermath, investigation and debriefing 
c. Dealing with rescue services 
7. Medical problems on the hill 
a. Cold and cold injury 
b. Anaphylaxis 
c. Diabetic emergencies 
d. Fits and faints 
e. Myocardial infarction 
8. Cardiac arrest and basic life support 
9. First aid kits 
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X-Light Trauma Kit 
Standard first aid kits were also felt insufficient to manage paragliding injuries. They were 
often heavy and contained items of little use in the paragliding context. A bespoke kit was 
designed to better meet pilots’ needs and manufactured using lightweight paraglider fabric. 
The kits have been used by participants on the first aid courses, and in real emergencies. 
 
 
Item Details Quantity 
Casualty card Custom, paragliding focussed 1 
Permanent marker Staedtler Lumocolor 0.6mm 1 
Gloves Non-sterile, nitrile 2 
Trauma bandage Oleas Modular bandage 1 
Haemostatic gauze Prometheus HemCon Chitogauze 1 
Sterile gauze swabs Non-woven, pack of 5 1 
Triangular bandage Non-sterile, non-woven 1 
Steristrips 6cm x 7.5mm, pack of 3 1 
Tape Strappal zinc oxide 2.5cm x 5m 1 
Syringe 10ml 1 
Needle 21G ‘GREEN’ needle 1 
Scalpel No. 10, non-sterile thumb scalpel 1 
Flexible splint Prometheus ‘SAM’-style splint 1 
Analgesia Ibuprofen, paracetamol 4 
Aspirin Aspirin 300mg 1 
Purification tablets MicroPur 2 
   
Figure A2. (A) X-Light Trauma Kit. (B) Casualty card (front face). (C) Kit contents. 
